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UNCLASSIFIED  ABSTRACT 


In  this  monograph,  a  report  is  given  of  our  work  leading  to 
the  development  of  high  resolution  electron  spectroscopy.  The  work 
started  in  the  early  part  of  the  fifties  and  has  now  been  brought 
to  a  stage  where  we  believe  that  this  kind  of  spectroscopy  is  ready 
for  a  more  general  use.  The  energies  that  can  be  measured  by  our 
present  equipment  range  from  1  MoV  down  to  0,01  cV,  i.o.  26  octaves. 
It  will  be  shown  that  new  information  about  atoms  and  molecules 
can  be  obtained  by  electron  spectroscopy.  Samples  may  be  prepared 
in  the  solid,  liquid  or  gaseous  phase.  The  material  to  be  present¬ 
ed  is  comparatively  extensive  and  we  therefore  start  in  Chapter  I 
with  a  general  survey  in  order  to  acquaint  the  reader  with  the 
main  features  of  this  type  of  spectroscopy  before  presenting  a 
more  detailed  account  in  the  chapters  that  follow.  Some  results 
of  theoretical  work  and  design  studies  are  collected  in  appendices 
together  with  some  tables  required  for  ESCA. 
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PREFACE 


In  this  monograph,  a  report  i.i  given  of  our  work  leading  to  the  development, 
of  a  high  resolution  electron  spectroscopy.  The  work  started  in  the  early  part  of 
the  fifties  and  has  now  been  brought  to  a  stage  where  we  believe  that  this  kind 
of  spectroscopy  is  ready  for  a  more  general  use.  The.  energies  that  can  he 
measured  by  our  present,  equipment  range  from  1  MeV  down  to  0,01  eV, 
i.e.  2(1  octaves.  It  wili  he  shown  that  now  information  about,  atoms  and  mole¬ 
cules  can  he.  obtained  b\  electron  spectroscopy.  .Samples  may  he  prepared  in 
the  solid,  liquid  or  gaseous  phase.  The  material  to  he  presented  is  comparatively 
extensive,  and  we  therefore,  start  in  Chapter  I  with  a  general  survey  in  order 
to  acquaint,  the  rsuder  with  the.  main  features  of  this  type  of  spectroscopy 
before  presenting  a  more  detailed  account  in  the  chapters  that  follow.  Nome 
results  of  theoretical  work  and  design  studies  are  collected  in  appendices 
together  with  some,  tables  required  for  KSOA.  Our  ambition  has  not  been  to 
include  a  complete,  account  of  related  fields  of  research  for  which  review  ar¬ 
ticles  can  he  found  in  the  literature.  Thus  we  have  not  dealt,  in  detail  with 
X-ray  emission  and  absorption  spectroscopy,  electron  energy  loss  studies  etc. 
We  have,  however,  given  a  list  of  papers  to  which  reference  has  been  made, 
in  the  text  and  which  we  believe,  to  be  of  direct  relevance.  These  publications 
may  in  their  turn  help  the  reader  to  find  his  way  to  other  papers  bearing  on 
the  subject.. 
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I.  INTRODUCTORY  SURVEY  OF  KSCA 


Most  of  the  phenomena  that  are  studied  in  a  physics 
laboratory  and  utilized  in  technology  take  place  in  the 
electronic  structure  of  atoms,  molecules  and  solid 
material.  Different  kinds  of  spectroscopy  have  In  am 
developed  for  investigating  these  structures,  the  most 
well-known  being  optical,  infrared  (lit),  Hainan,  and 
ultraviolet  (|1  V)  spectroscopy,  optical  rotational  dis¬ 
persion  (OKI)),  X-ray  emission  and  absorption  speetro- 
seop’',  nuclear  magnetic  resonance  (NMK),  nuclear 
(piadrupole  resonance  (NQR),  electron  spin  resonance 
(KSR),  Moss  baucr  spectroscopy,  microwave  spectro¬ 
scopy,  and  mass  spectroscopy.  In  the  following  sections 
we  describe  a  recently  developed  high  resolution 
spectroscopy,  named  KSCA  (A’leetron  iS’pectroseopy 
for  Chemical  /Dialysis),  It  is  based  on  a  magnetic  or 
electrical  analysis  at  high  resolution  of  the  electrons 
which  are  emitted  from  a  substance  on  irradiation 
with  X-rays.  KSCA  reproduces  directly  the  electronic 
level  structure,  from  the  innermost  shells  hi  the 
atomic  surface.  All  elements  from  lithium  te  the 
heaviest  ones  can  be  studied  even  if  the  dement-  <  ccnrs 
together  with  several  other  elements  and  represents 
only  a  small  part  of  the  chemical  compound.  This 
spectroscopy  is  characterized  by  sharp  electron  lines 
and  by  a  high  sensitivity.  The.  precision  has  been 
brought  to  the  limit  set  by  the  inherent  widths  of  the 
atomic  levels  themselves,  KK(!A  is  applicable  in  a 
variety  of  fields  of  research  in  physics  and  chemistry. 
Applications  are,  for  example,  found  in  organic  che¬ 
mistry,  since  the  important  light,  elements  carbon, 
nitrogen,  oxygen  etc.  are  easy  to  study.  -Shifts  of  inner 
levels  due  to  chemical  structure  effects  are  charactcris- 
(ie  features,  and  KSOn  provides  information  on  the 
chemical  bonding  in  molecules. 

Kriii n  flu  middle  of  the  nineteen  trim  to  the  middle 
of  the  nineteen  thirties  soiiie  research  workers  in 
Knglami  (II.  Robinson)11"’1"3-1"3  and  in  Kranco  (M, 
de  Broglie)10*  investigated  the  energy  distribution  of 
electrons  in  various  elements  irradiated  with  X-ravs. 
(Kor  further  references  sec  Refs.  105  and  I  ( Mi ) .  The  distri¬ 
butions  were  recorded  photographically  with  the  help  of 


a  homogeneous  magnetic  field  for  the  energy  analysis. 
A  given  anode  material  in  the  X-ray  tube,  for  example 
silver  or  molybdenum,  emits  a  eontinuous  spectrum 
plus  characteristic  X-ray  lines,  of  which  the 
doublet,  is  the  strongest.  If  this  unfiltered  und  linmono- 
chromatized  radiation  impinges  on  a  foil  of  an  ele¬ 
ment,  photoeleetrons  are  emitted  which  can  lie  record¬ 
ed  in  the  magnetic  spectrograph  on  a  photographic 
plate.  In  this  way,  electron  distributions  were  ob¬ 
tained  which  were  characterized  by  long  tails  with 
edges  at  the  high  energy  end.  By  measuring  the  posi¬ 
tions  of  the  edges  it  was  possible  to  determine  the 
energy  of  the  photoeleetrons  ejected  from  the  different 
atomic  shells  of  the  element  under  investigation.  From 
the  known  energy  of  the.  X-ray  lines  in  the  primary 
X-ray  beam,  the  binding  energies  of  electrons  in  the 
different  shells  could  be  calculated. 

Another  approach  is  to  let  the  X-ray  lieam  pass 
through  a  thin  foil  and  to  study  the  absorption  Kpeofc- 
ruin  with  an  X-ray  s|iectromoter.  In  this  case  edges 
are  also  obtained,  and  their  jxisitions  correspond  to 
the  energy  required  to  excite  an  electron  from  one  of 
the  inner  shells  to  the  nearest  empty  level  in  the 
atom,  which  is  very  near  its  surface,.  Clearly,  the  data 
obtained  by  the  two  methods  are  closely  related, 
although  not  identical.  Nowadays  X-ray  absorption 
spectroscopy  is  a  well  estalilishid  technique. 

X-niy  cmsHHion  giviiH  a  line*  bj.mctTuni  {  h  u  j  h  •  ri  m  j  y jihmI 
on  a  continuous  bremsstrahlung  spectrum)  instead  of 
the  edges  obtained  in  X-ray  absorption.  The  X-ray 
emission  s|>ectruin  constitutes  one  of  our  most  aeourate 
sources  of  information  on  atomic  level  structure. 
It  must  be  remembered,  however,  that  X-ray  emission 
HfMictra  are  excited  in  an  X-ray  tube  by  an  intense 
electron  bombardment  of  the  anode,  a  condition  which 
normally  lends  to  dooonqioeition  of  chemical  com- 
jssinds.  Hence,  in  order  to  study  the  X-ray  emission 
spectra  of  chemical  coinjH-unds  it  is  usually  necessary 
to  resort  to  a  fluorescence  technique,  in  which  a 
primary  X-ray  beam  excites  secondary  X-ray  emission 
H|s:i:tra  from  the  comjiound  under  investigation.  By 


1 


Fig.  1:1.  Two  different  inoihodx  for  flu*  spcotriwoopy  f »f  atoms 
and  inolrruloH.  Thn  upper  branch  to  tho  right  n*|m*nentK  X-ray 
fluoroHcnnc.o  and  X-ray  abnorption  speertroscopy.  Tho  lower 
brunch  rapresentH  the  electron  spectroscopic  method  JONCA . 


emission  spectroscopy  the  energy  differences  witliin 
the  atom  are  obtained,  but  it  does  not  yield  the  electron 
binding  energies. 

After  the  above-mentioned  early  investigations,  the 
electron  spectroscopic  approach  almost  completely 
disappeared.  The  reason  for  this  recession  is  that 
the  results  could  not  compete  in  accuracy  with  those 
obtained  by  the  X-ray  absorption  technique,  and 
even  less  with  those  obtained  by  the  X-ray  emis¬ 
sion  technique.  The  edge  positions  of  the  electron 
distributions  were  not  well  defined,  because  of  the 
energy  absorption  of  th((  electrons  emerging  from  the 
foil.  A  comparison  of  the  observed  landing  energies 
showed  considerably  greater  spread  and  greater  un¬ 
certainty  throughout.106,  ,M  Only  few  further  at¬ 
tempts11""111  have  been  made  to  extend  t  he  early  works 
by  H.  Robinson  and  M.  de  Broglie,  but  these  experi¬ 
ments  met,  with  limited  success  in  comparison  fo  con- 
tempory  X-ray  spectroscopy  work. 

The  different  ways  of  using  X-rays  for  gaining  infor¬ 
mation  on  atomic  and  molecular  structure  are  illu¬ 
strated  i'  -,'ig.  1:1.  A  specimen  is  irradiated  with  X-rays. 
The  upper  branch  to  the  right  of  the  figure  represents 
the  well-known  X-ray  fluorescence  and  X-ray  absorp¬ 
tion  spectroscopy.  The  lower  branch  represents  electron 
spectroscopy  as  the  alternative  source  of  information. 
Since  every  process  in  the  upper  branch  is  accompanied 
by  emission  of  electrons  (by  means  of  photo  and  Auger 
effect)  leading  to  the  lower  branch,  one  can  in  prin¬ 
ciple  expect,  that  each  of  these  branches  iH  of  com¬ 


parable,  value.  The  outcome  of  this  approach  and  the 
conclusions  which  can  he  drawn  from  it  depend  en¬ 
tirely  on  how  the  experimental  difficulties  can  lie 
masteicd.  The  first  condition  for  favorable  competi¬ 
tion  between  the  lower  branch  and  the  upper  one  is 
that  an  electron  spectroscopy  based  on  well  defined 
criteria  for  the  precise  evaluation  of  significant  energies 
can  be  developed.  At  first  sight  and  with  the  early  at¬ 
tempts  in  mind,  the  possibility  of  fulfilling  this  con¬ 
dition  seems  rather  faint. 

The.  absorption  of  photons  in  the  material  will  not 
affect  the  energy  of  those  photons  which  are  trans¬ 
mitted  but  the  intensity  will  he  decreased.  The 
intensity  of  fluorescence  radiation  produced  in  the 
specimen  will  lie  attenuate-1  on  its  path  out  hut  the 
lines  will  retain  their  energies,  as  defined  by  the  peak 
positions.  Whether  the  position  of  an  X-ray  absorption 
edge  is  independent  of  the  finite  thickness  of  the  ab¬ 
sorption  layer  is  less  clear,  but  in  the  case  of  electrons 
it  is  very  probable  that  the  absorption  process  will  de¬ 
stroy  any  precise  information  originally  contained  in  the 
spectrum .  This  is  because  the  energy  and  the  intensity 
of  electrons  produced  inside  the  material  by  the  X- 
radiatioii  would  he  expected  to  diminish  considerably 
on  their  way  out.  The  early  studies  in  fact  confirmed 
this  general  behaviour  and  the  difficulty  of  getting 
precise  energy  criteria  greatly  limited  electron  sjieetro- 
scopy  as  a  competitor  to  X-ray  spectroscopy. 

The  problem  of  this  energy  absorption  of  electrons 
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Kig.  I:!!.  Helieimitic  view  of  mi  KM(!A  nmingcnimiL  for  the 
htiifly  of  oJfVitroiiM  oxpollml  by  X-ruyH, 


I'lK-  1  :3.  l*’irnt  iron-free  ilouldc  focussing  spectrometer  adapted 
witji  rndii  24  cm  mid  311  cm,  and  height  4H  cm,6 

is  well  known  in  high  resolution  lietu  spectroscopy.  A 
radioactive  source  wiiicii  nils  a  finite  thickness  is 
known  to  emit  electron  lines  which  arc  broadened  and 
shifted  towards  lower  energies,  loir  extre.'ue  precision 
in  the  measurements  the  radioactive  atoms  have  to  he 
collected  completely  carrier  free  on  the  surface  of  the 
hacking  material.  High  resolution  instruments  can 
easily  detect,  line  hroudenings  and  shifts  if  the  radio¬ 
active  atoms  arc  allowed  to  penetrate  the  material  to 
soinedopth.  A  special  teehniipie  which  retards  the  radio¬ 
active  ions  produced  in  a  mass  separator  before  they 
arc  collected  on  the  hacking  has  been  used  to  minimize 
//  line  distortion.11®  The  energy  of  a  (!  line  is  usually  of 
t  he  order  of  at  least  25  keV,  and  in  order  to  observe  an 
absorption  effect  of,  say,  fi  eV  on  such  a  line,  the  resofu- 


for  IC.SCA,  Tim  magnetic  field  is  obtained  from  two  co-uxiul  coils 


t  int i  has  to  have  the  extreme  value  kfiy/ lin  **  1:  104. 
•Since  line  hroadcnitigs  are  also  observed  at  more 
moderate  resolutions,  and  even  when  great  precau¬ 
tions  have  been  taken  to  produce,  thin  surface  layers 
of  the  electron  emitting  radioactive  layer,  one  has 
good  reason  to  doubt  whether  the  elimination  of  line 
distoisions  of  less  than  I  eV  for  electrons  produced  in 
a  thick  target  by  X-radiation  can  he  achieved. 

In  1051,  one  of  the  authors  (K,  >S.)  initiated  a  rese¬ 
arch  program  aimed  at  the  very  high  resolution  study 
of  the  energy  sp<  ctrum  of  electrons  expelled  by  X-rays. 
A  sketch  of  the  experimental  arrangement,  is  shown  in 
Fig.  1:2.  An  X-ray  tube,  of  compact  construction 
(situated  close  to  the  specimen)  is  built  into  a  high  reso¬ 
lution.  large,  dispersion  magnetic  spectrometer  (p0  30 
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cm)  of  the  double  focussing  type,  see  Fig.  1:3.  The  prin¬ 
ciple  of  two-directional  or  double  focussing  was  con¬ 
ceived  in  1946  by  one  of  the  authors  (K.  S.)  in  col¬ 
laboration  with  N.  Svc-rtholm111  and  it  was  primarily 
developed  for  nuclear  spectroscopy  using  radioactive 
sources.  For  low  energy  electron  spectroscopy,  in  the 
range  0 — 10  keV,  which  is  the  energy  region  of  interest 
for  the  ESCA  method,  it  is  difficult  to  use  iron  pole 
plates  to  shape  the  magnetic  field  according  to  the  1  //q 
form,  required  for  double  focussing.  Fortunately,  it  was 
found  that  the  same  field  could  be  obtained  over  a  limi¬ 
ted  region  avoiding  iron  by  using  a  coil  arrangement, 
consisting  of  two  co-axial  coils  of  special  ilimcnMons5; 
see  Fig.  1 :3.  This  kind  of  electron  spectrometer  was  sub¬ 
sequently  constructed  in  increasingly  elaborate  'arms 
and  with  radii  of  curvature  of  the  central  orbit  up  to 
100  cm4®  5*'*7*.  These  instruments  have  large  dispersion 
and  the  precision  obtained  with  them  exceeds  that 
previously  typical  for  semicircular  magnetic  instru¬ 
ments,  used  in  radioactive  work  with  radii  5-10  cm, 
by  one  or  even  two  powers  of  ten  while  at  the  same, 
time  the  intensity,  due  to  the  high  luminosity,  is  app¬ 
reciably  increased.  If  a  copper  anode  is  used  in  (.tic 
X-ray  tulie,  a  relative  momentum  resolution  of,  say 
3  10  4  of  the  electron  spectrometer  would  correspond 
to  an  absolute  energy  resolution  of  3  or  4  oV  for  loosely 
Isiund  electrons  and  correspondingly  better  for  the 
more  tightly  txiund  electrons  in  the  inner  shells.  At 
absolute  energy  resolution  of  1  eV  corresponds  to  a  rela¬ 
tive  momentum  resolution  of  5-  10  4  for  1000  e.V  elec¬ 
trons.  This  would  be  typical  for  electrons  expelled  by 
means  of  X-radiation  from  anisic  material  like  alumi¬ 
num  or  magnesium.  Furthermore,  a  precision  of  0.1  e.V 
in  the  measurcme.it  of  a  line  peak  jMmition  requires  in 
the  5  keV  region  ■»  relative  precision  of  «  I  •  10  '  in  the 
measurement  of  momentum.  These  requirements  were 
substantially  more  severe  than  those  met  with  previ¬ 
ously.  In  addition  to  the  resolution  problem  discussed 
aliove  one  also  had  to  face  the  problems  of  intensity 
at  high  resolution.  An  efficient  geometry  for  the  X-ray 
tube,  and  high  transmission  and  large  dispersion  of 
the  electron  Sftcctromctcr  were  greatly  needed.  The 
investigation  of  low  energy  electrons  calls  for  a  com¬ 
pletely  iron-free  instrument  with  highly  reproducible 
field  settings  and  a  special  electron  detecting  technique. 
All  external  magnetic  fields,  in  jwrticular  the  earth’s 
magnetic  field,  have  to  bo  compensated  for.  An 
instrument  of  this  kind  hod  not  been  designed  before 


and  it  took  three  years  to  build  the  first,  iron  free 
double  focussing  magnetic  spectrometer  and  to  test  it 
so  that  the  radioactive  sourer*  could  Is  replaced  by 
the  X-ray  unit.  This  first  part  of  the  worl  was  describ¬ 
ed  in  a  paper®  entitled  “Bett.  ray  spectre  -  \>py  in  the 
precision  range  of  I:  10s”  and  also  in  son  e  pro.  tour 
publications' ■*  and  in  the  Ixrok  “Beta-  and  Gamma- 
Ray  Spectroscopy”4  (now  edition,  Ref.  52). 

In  1954  the  first  instrument  was  ready  ac  1  attempts 
were  made  to  record  at  high  resolute  t  phowielertron 
spectra  produced  by  X-rays.  A  new  observation  then 
changed  the  course  of  the  future  development  of  the 
method.  This  was  the  appearance,  under  high  resolution, 
of  a  very  sharp  line  which  could  be  resoi  ml  fr  >!  i  the 
edge  of  each  electron  veil.  This  line  has  the  important 
property  that  it  does  not  undergo  any  e  nergy  absorp¬ 
tion,  and  its  sharp  |>eak  thus  corres|K>nds  to  the  binding 
energy  of  the  relevant  inner  shell.  In  principle,  and  also 
in  practice,  the  line  width  can  lie  mark  si.  small  that  it 
corresponds  to  the  width  of  the  atomic  energy  levels. 
This  is  of  the  order  of  a  few  electron  volts  for  the  lighter 
elements  The  situation  is  illustrated  in  Fig.  1 :4  which 
shows  an  electron  spectrum  obtained  from  VigO  with  an 
X-ray  beam  from  a  copper  anode.  The  double  focussing 
instrument  was  in  this  case  set  for  a  momentum  resolu¬ 
tion  of  3-10  *.  The  sharpness  of  the  electron  lines  is 
so  great  that  the  energy  scale  miiHt  lie  multiplied  by  a 
factor  of  1(H)  in  order  to  bring  out  the  finite  width  as 
shown  in  the  inset  for  one  of  the  lines.  The  jieak  con 
Ik;  determined  with  considerable  precision,  to  a  few 
tenths  of  an  electron  volt.  In  a  social  investigation 
of  the  reproducibility  in  the  determi nation  of  the 
(Kisitioii  of  this  line,  under  identical  conditions  and 
for  a  thin  si  uree,  the  spread  of  the  value*  for  eleven 
recordings  was  within  I  •  10  *. 

A  more,  detailed  study  of  a  photoelectron  line  ob¬ 
tained  with  the  ESCA  methixl  shows  that  it  consists 
of  the  principal  line  together  with  a  more  or  less  con¬ 
tinuous  energy  distribution  immediately  to  the  left  of 
the  line;  and  with  the  resolution  now  attainable  this 
urn  lx;  distinguished  from  the  principal  line  t,y  ivn 
intensity  minimum  This  minimum  occurs  because 
electrons  passing  through  the  specimen  can  only  lose 
energy  in  certain  discrete  amounts,  a  phen'irnr.K  e 
which  had  Ixieii  observed  earlier  in  other  connections,1 1; 
but  had  not  previously  Isien  observed  hero.  The 
discrete  energy  losses  an;  due  to  so  called  plasmon  ex¬ 
citations  of  the  electron  plasma  in  the  specimen,  i.e. 


4 


1  ;4.  Electron  nfioctruir.  obtuinod  from  magnesium  oxide  with  copper  X  -radiation.  Edges  am  found  at  energies  corresponding 
to  atomic  If, vein  of  magnesium  ami  oxygon.  A  very  sharp  nloctron  lino  ran  lw>  resolved  froni  oaoh  edge.  Such  an  oloctron  lino 
in  shown  in  tho  insert  figure  with  tho  energy  acalo  oxpundod  by  n  f<v'.nr  of  one  hundred  to  bring  out  tho  finito  width  of  tho  lino. 


collective  (electron  vibrations  in  the  plttHrrin  {of  surface 
and  volume  typo),  plus  ioniHittion,  and  excitation  in 
interband  transitions147. 

Tho  discrete  character  of  the  electron  energy  losses 
and  the  high  resolution  are  of  fundamental  impor¬ 
tance  for  ESC  A  Thus,  since  an  electron  lino  obtained 
in  the  way  described  above  in  not  dmturlxxl  by  the 
energy  absorption  processes,  only  the  following  fac¬ 
tors  contribute  to  the  line  width:  (a)  the  natural 
width  of  the  incident  X-ray  line,  (b)  the  width  of 
the  atomic  iovol  from  which  electrons  are  ejected,  (c) 
the  alien  ation  of  the  Bpoctrometer  and  (d)  the  widths 
of  the  hou roe  and  tho  detector  slits. 

The  choice  of  anode  material  in  dependent  on  the 
binding  energy  of  the  particular  atomic  shell  studied . 
As  a  rule,  one  should  use  anode  material  from  tho  light 
elements  oxoopt  in  those  cam*  where  inner  levels  of 
higher  7j  elements  are  lieing  studied.  Tho  advantages 
of  using  soft  X-radiation  arc  several:  (a)  the  inherent 
widths  of  the  levels  of  light  oiomonts  are  smaller,  thus 
contributing  less  to  the  line  width  of  the  resulting 
electron  line,  (b)  the  energy  of  the  expelled  electrons 


ii  smaller,  which  means  a  high  energy  resolution  on 
an  absolute  scale  (Hince  AWp/ Hq  is  a  constant  for 
the  instrument),51  (c)  the  photoelectric  cross  section  is 
higher  at  low  photon  energies  and  although  the  range 
of  the  photoelootrons  is  smaller  the  net  result  is  gene¬ 
rally  a  gain  in  intensity  of  the  electron  lines,  (d) 
the  electron  lines  expelled  by  softer  X-rays  dominate 
completely  over  tho  low  energy  veils.  In  fact,  tho 
resulting  electron  spectra  look  very  similar  to  the  line 
spectra  obtained  in,  for  example,  X-ray  emission  sj, 
troscopy.  As  an  e.xample,  Fig.  1  ;5  shows  the  electron 
spectra  of  the  spin  doublet  Ltl,  />,„  (2 pi,2  and  'Ip*, u, 
respectively)  in  copper  excited  by  tho  MgK<x  radiation. 
For  comparison,  a  corresponding  X-ray  line  spictrum 
of  the  same  doublet  as  obtained  by  Sandstrbm"4  is 
shown  in  the  upper  part  of  the  figure.  It  is  interesting  to 
note  that  the  K8CA  lines  from  the  LKM i  shells  of  eop- 
jier  are  even  sharper  than  the  K a,  and  Xa,  X-ray  lines, 
although  tho  latter  were  recorded  under  almost  ideal 
conditions  (fourth  order  reflection  in  a  high  dis|M;rsion 
instrument)  and  reproduced  the  X-ray  transitions  with 
essentially  their  inherent  widths.  The  fact  that  the 
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1:5.  Electron  spectrum  of  the  Z/jj,  Llu  nubahollfi  of  copper  obtained  with  M g/fu  radiation.  For  comparison,  the  Cu/iOjU,  X-ray 
omission  spectrum  of  the  sarno  doublet,  recorded  by  HandHtrorn114,  is  shown  in  the  upper  part. 


KSCA  linen  can  bo  made  even  shar|>or  than  the  in¬ 
herent  widthn  <»f  the  oorres|M  aiding  X-ray  tin  •«  in 
readily  explained  hy  the  small  inherent  width  of  the 
Mg  Ka.  radiation  involved  in  the  photoelectric  process 
eompuml  to  the  large  width  of  the  copper  K  level  that 
is  involved  in  the  X-ray  transition.  The  situation  cannot. 
In'  improved  in  the  ease  of  the  X-ray  line  njiectriiin  by 
studying  the  Lot,  and  L/f,  lines.  These  linen  have  a 
considerable  width,  since  they  result  from  transitions 
from  M ,v  to  /■>,[  and  Ltu,  and  the  M lv  level  in  cop|>er 
lien  in  the  band  structure  with  a  width  of  several  e.V. 
One  can  notice  a  small  difference  in  level  width  ln>- 
twccn  /,,,  and  /,,,,.  In  the.  electron  sjiectriim  the 
A'oija,  satellite  in  the  Mg  X-radiation  gives  rise  to 
two  lines  of  low  intensity Although  of  lower  in¬ 
tensity,  these  satellite  lines  show  the  Llt  and  /v„, 
levels  of  copper  in  much  the  same  way  as  do  the 
main  lines.  The  distance  between  the  A,,  and  Lln 
levels  as  obtained  from  the  electron  s|K’ctrum  is  in  gmsl 
agreement  with  the  X-ray  difference  bet  ween  Aa,  and 
Ka.,.  namely  20.0  eV."&  This  agreement,  is  of  particular 
interest  for  the  theoretical  comparison  of  KSt'A  and 
X-ray  spectroscopy  data  (when  binding  energies  are 
concerned).  The  photoelectric  release  of  an  electron 
from  the  atom  takes  place  in  the  ground  stats*  of  the 
atom  whereas  the  X-ray  transition  occurs  between 
two  excited  states  (i.e.  starting  with  a  hole  in  the 
K  shell  ami  ending  with  one  hole  in  the  L  shell).  One, 
consequently,  could  imagine  a  difference  between  the 
results  of  KK(!A  and  X-ray  spectroscopy.  Accord¬ 
ing  to  Kig.  I  :5  there  is,  however,  good  agreement  be¬ 
tween  the  energy  difference  L„  L,„  as  obtained  from 
KSCA  and  the  corres|»mding  Ka,  Ka{  difference.  A 
closer  theoretical  analysis  of  the  cxpci iniriiia!  evi¬ 
dence,  presented  in  Section  I II  :0,  suggests  that  an 
accurate  approach  would  in  this  ease  be  obtained  by 
treating  the  electronic  system  of  the  atom  as  a  whole 
after  the  removal  of  a  photoelcetron  or  the  emission 
of  an  X-ray  (piantum. 

Ah  |»ointed  out  earlier  the  electron  line  s|s-etruni 
maps  out  each  individual  atomic  level,  whereas  the 
elmrurteristie  X-ray  s|H*etruin  reveals  differt  rices 
bet  ween  the  levels  involved  in  the  transitions.  Accord¬ 
ing  to  the  result  presented  above  (Kig.  I  :!>),  the  energy 
difference  between  two  electron  lines  yields  similar 
information  to  that  obtained  from  X-ray  emission 
spectroscopy. 

The  advantage  with  X-ray  absorption  spectroscopy 


as  with  electron  spectroscopy  is  that  it  gives  Lie 
landing  energies  of  the  individual  levels.  In  this  cas.i 
KSCA  sjiectru  offe.r  advantages  mainly  because  they 
apjiear  as  sharp  line  spectra.  Lot  us  illustrate  this 
(Kig.  Tift)  from  a  comparison  between  an  absorption 
s|H*etruni  and  an  KSCA  spectrum  of  the  Af,  and  Mu 
levels  in  the  same  element  as  in  the  preceding  figure 
namely  copper.  The  absorption  s|s*ctra  is  due  to 
Johnston  and  Skinner11*  (also  reproduced  in  Tombou- 
lian’s  review  article  in  Encyclopedia  of  Physics117),  and 
although  it  might  lie  claimed  that  the  absorption 
spectrum  could  be  further  improved  it  is  still  obvious 
that  the  information  gained  from  the  electron  spectrum 
is  far  more  detailed. 

During  the  ten  years  of  development  following  the 
resolution  and  recording  of  the  first  KSCA  spectra  by 
our  group,  a  large  body  of  data  on  the  electron  binding 
energies  of  most  elements  from  lithium  to  plutonium 
in  the  Periodic  System  has  lieen  accumulated  and 
systematized  (see  first  section  of  reference  list).  The 
accuracy  of  the  binding  energies  is  consistently  higher 
than  that  offered  hy  the  X-ray  absorption  method. 
As  one  particular  example,  it  was  found  that  the  pre¬ 
viously  accepted  />,  binding  energies  for  a  sequence  of 
light  elements  had  to  he  revised  by  as  much  as  50  %,61 
owing  to  earlier  difficulties  in  the  interpretations  of 
X-ray  absorption  spectra  ill  this  region.  Even  in  eases 
where  one  has  to  deal  with  closely  spaced  levels,  the 
KSCA  method  is  satisfactory. 

In  order  to  obtain  electron  s|s*ctrafroin  the  inner  lev¬ 
els  of  heavier  elements,  one  must  use  anode  materials  of 
correspondingly  higher  X,  like  moly !>deruini  and  tung¬ 
sten.  If  one  restricts  onesell  to  the  lighter  elements  or 
to  the  outer  levels,  anode  materials  like  sodium,  mag¬ 
nesium  or  aluminum  are  more  advantageous,  With 
such  anode  materials  we  have  found  that  KSCA  per¬ 
mits  a  study  of  the  band  structure  in  metals  and  alloys. 
The  phots s-lcctrons  then  have  nearly  the  full  X-ray 
photon  energy,  which  is  1255. (i  eV  for  Magnesium 
radiation.111  Kig.  1:1  shows  an  KSCA  spectrum  for  the 
outer  part  of  the  gold  level  system.  Although  the  NVI 
and  Afvn  levels  differ  by  only  5.7  eV,  they  are  comple¬ 
tely  resolved  in  the  s|M*etruin  and  recorded  with  high 
intensity.  The  satellite  line  MgA'a:,  «  also  produces  this 
doublet.  An  O  line  of  low  intensity  is  recorded  and 
finally,  in  the  region  close  to  binding  energy  zero,  the 
conduction  band  is  reproduced.  This  part  of  the  sjieet- 
rum  is  displayed  separately  in  the.  figure  and  shows 
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Ki«  1:6.  A  comparison  botwoon  an  X-ray  almorption  H|K*  tnmi  recorded  by  Skinner  and  Johnston11*  («)  and  an  E8CA  spectrum 
(ft)  of  the  M,  and  Mn  levels  in  copper.  The  M  „  levela  are  partly  rosnlv.xl  in  the  EKCA  spectrum.  Twodmcmlo  energy 
losses  can  bo  seen  in  this  aixwtrum  on  the  low  energy  side  of  the  M u  m  line. 


COUNTING  RATE 


KINETIC  ENERGY 

eV  100  90  80  70  60  50  Vo  '30  20  10  0 

BINDING  ENERGY 

Kig,  1:7.  KHI 'A  HjsicLruiii  uf  thn  outer  I  -vein  of  gold.  Tlio  hI rung  Nvf,  AfViI  KI'III  doublet  in  completely  resolved  into  two  sliurp 
liiK'K,  Tlio  conduction  bond  in  iliHjiluy  .1  Hcpnritlcly  mill  hIio\/h  two  fiittxinni.  Hix*  also  (.'liuptcr  IV. 


two  maxima  in  the  electron  distribution.  Likewise, 
the  electronic  level  Htructure  of  an  insulator  can  he 
studied  by  FJSCA ,  all  the  way  out  to  the  valence  bund. 
Thus,  the  electron  spectrum  of  Pig.  1:8  shown  the 
electron  levels  of  NaCI  from  zero  binding  energy  ut 
the  Fermi  level  to  the  sodium  ip  level  ut  binding 


energy  30  eV.  The  narrow  valence  band  (chlorine  i\p) 
is  situated  aixmt  fi  eV  lielow  the  Fermi  level. 

A  favourable  feature  of  the  relatively  high  photon 
energies  that  are  employed  in  the  KSCA  mothixl  is 
that  the  energy  of  the  photoelectrons  is  H  such  a 
magnitude  that  slight  surface  contamination  is  not 
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Kig.  I :  H.  Klix-tron  H|M'ctnim  from  Nii( 'I .  This  is  an  insulator  with  a  gn|>  "f  8  cV  hct.wciai  Urn  valance  and  the  conduction  handa. 
I’hc  electron  Hpectruin  shows  a  marked  dccrcaar  in  intensity  at  about  5  c V  helaw  the  Fermi  level.  See  alao  Fig.  ]V:I. 


detrimental  ainee  the  electrons  ean  pass  such  a  layer 
without  distortion  of  the  spectrum. 

Ah  an  analytical  method,  KSOA  ean  he  applied  over 
the  whole  periodic  system.  It  is  well  known  that 
X-ray  fluorescence  spectroscopy  used  in  other  analy¬ 
tical  contexts  is  not  straightforward  for  elements  lighter 
than  sodium  because  of  the  rapidly  decreasing  fluores¬ 
cence  yield  for  low  atomic  numbers,  see  Kig.  |i;4.  Kor 
tin-  light  elements,  as  for  example  earhon,  nitrogen 
and  oxygen,  KSOA  gives  exit  llent  signals,  see  Kig.  I  : I). 

The  sensitivity  of  KSOA  is  high.  Only  a  very  thin 
surfaee  layer  of  around  l(H>  of  the  sample,  is  utilized 
for  the  analysis,  l’hotoclcctrons  emitted  from  atoms 
further  down  in  the  source  iose  energy  and  are  there¬ 
fore  removed  from  the  electron  line.  Gases  adsorbed 
on  the  surface  of  a  foil  yield  s|>cotr».  of  good  intensity. 


In  this  way,  we  have  measured  the  atomic  levels  of  the 
rarer  gases  like  argon  and  xenon  which  arc  difficult  to 
study  by  X-ray  emission  spectroscopy. 

Oxide  films  formed  at  the  surface  of  most  metals  are 
seen  in  KSOA  spectra,  noth  as  an  oxygen  line  and  as  a 
shifted  line  situated  near  the  line  from  the  unoxidized 
metal.  The  latter  effect  will  be  discussed  further  in 
Section  V :  1 .  Corrosion  and  surface  reaction  kinetics 
are  thus  obvious  fields  for  KSOA  as  indicated  hy  its 
surface  sensitivity.  It  is  possible  that  free  radicals  may 
also  he  studied. 

The  sensitivity  of  KSOA  to  surface  changes  is  de¬ 
monstrated  by  the  carbon  line  from  the  diffusion  pump 
oil  which  grows  rapidly  in  intensity  if  no  precautions 
are  taken  to  prevent  this,  hy  using,  for  instance,  an 
ionic  or  a  molecular  pump  (Section  V  :7).  Wchavemude 
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Fig.  1:0.  Kloetron  spectrum  from  tho  K  shells  of  tho  second  period  elements,  obtained  with  A I K  u  riuliation.  See  also  Sections 
HI:  I  und  ill  :  a. 


ft  special  study  of  the  surface  sensitivity  of  KSCA  hy 
pretmring  a  nionninolecular  layer  of  an  iodine  substi¬ 
tuted  stearic  acid  and  recording  the  iodine  spectrum 
(Section  V:(i).  High  intensity  was  obtained  from  the 
iodine  although  the  amount  of  iodine  was  only  some 
thousandths  of  a  mierograin.  This  means  that  only  mi¬ 
nute  quantities  of  material  are  required,  provided  that 
the  source  area  can  he  made  sufficiently  large,  i.c.  a 
few  mm2. 

Other  examples  of  the  sensitivity  are  found  in  large 
mnleeulen  like  vitamin  Bl2,  or  insulin.  Vitamin  lilz 
contains  only  one  cohalt  atom  among  ISO  atoms  of 
other  elements118,  see  Fig.  1 : 10.  A  100  A  layer  of  vita¬ 
min  ]J12  thus  contains  very  few  cobalt,  atoms.  Never¬ 
theless  we  could  easily  observe  the  cobalt  in  the  elect¬ 
ron  spectrum  from  vitamin  B,z.  see  Fig.  1:11,  further¬ 
more,  its  valence  state  can  he  determined.  Insulin  has 
a  molecular  weight  of  about  0000  and  contains  51 
amino  acids  with  three  disulfide  bridges,  two  of  which 
bind  the  two  peptide  chains  together288,  see  Fig.  1:12. 
There  is  approximately  one  sulfur  atom  for  every  140 
other  atoms.  A  good  signal  was  recorded  from  sulfur, 
see  Fig.  I:  HI,  and  the.  binding  energy  obtained  was 
consistent  with  the  value  for  simple,  disulfides.  The 
relative  intensity  was  in  accordance  with  the  known 
content  of  sulfur. 

2-87IIfl»  S'uvn  Aria  Itrg.  Svr.  Sr.  I Ijin.,  Ser  IV.  V til  20.  /m/*r.  *"/,g 


KSCA  can  thus  be  used  for  elemental  analysis,  i.e. 
for  determining  the  proportions  of  constituent  ele¬ 
ments  in  chemical  compounds,  see  Section  V:7,  Wo 
have  studied  the  relative  intensities  of  the  electron 


Fig.  1:10.  Tho  vitamin  lllg  molecule."8  There  in  ono  cobalt 
atom  among  ISO  atoms  of  other  olernentB. 
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Fig.  1:11.  Electron  spectrum  from  vitamin  13,,  with  electron  lines  from  oxygen,  nitrogen,  carbon  and  cobalt. 


lines  in  a  number  of  cases  as,  for  instance,  in  chloro  sub¬ 
stituted  aromatic  sulfur  compounds  with  chlorine  and 
sulfur  in  various  proportions.  The  relative  intensities 
of  the  electron  lines  were  found  to  agree  with  the 
known  empirical  formulae. 

From  an  analytical  point  of  view  it  is  noteworthy 
that  ESCA  yields  more  information  than  can  be  gained 
from  stoichiometric  relationships.  Jt  also  gives  inform¬ 
ation  shout  the  valence  state.  This  is  connected  with 
the  chemical  shift  effect  which  will  be  discussed  below 
and  which  can  be  used  for  the  study  of  charge  on  atoms, 


oxidation  state,  bond  character  or  chemical  structure. 

The  results  from  the  study  of  vitamin  B12  have  de¬ 
monstrated  that  ESCA  is  sensitive  for  heavy  metals 
in  large  molecules,  and  it  may  therefore  provide  a 
method  for  investigating  the  charge  of  metal  ions  in 
for  instance  enzymes  and  similar  compounds.  Since 
ESCA  also  yields  information  on  the  oxidation  state 
of  atoms,  it  may  for  instance,  be,  used  to  study  the 
breaking  up  of  the  disulfide  bridges  in  insulin  by  oxid¬ 
ation  processes,  see  Section  V :5b.®1 

A  number  of  problems  should  be  studied  in  more 
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Fig.  Is  12.  Tho  insulin  molecule. M#  It.  ronsints  of  51  amino  acidB  with  throo  disulfide  bridges,  two  of  which  bind  tho  two  poptid 
chains  together. 
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Fig.  I  i  13.  KSCA  spectrum  of  insu¬ 
lin.  Kloetron  lines  nre  obtained 
from  oxygr...  nitrogen,  carbon,  and 
sulfur. 11  Hue  also  -Sections  V:5b 

nnil  V:7. 


detail  before  ESCA  is  used  for  routine  work.  Thus 
further  information  on  the  behaviour  of  unstable 
•compounds,  which  might,  gradually  decompose  under 
the  combined  action  of  X-radiation  and  vacuum  is 
required.  We  have  found  freezing  techniques  very  use 
ful  in  such  eases.  In  fact,  ESCA  can  be  applied  not 
Only  to  solid  material  but  also  to  liquids  aim  gases  by 
means  of  a  simple  freezing  technique.  Fig.  1:14  shows 
an  ESCA  spectrum  from  solidified  benzene  obtained 
using  the  freezing  technique.  Aluminum  Aa  radiation 
was  used  for  expelling  electrons  from  the  benzene  mole¬ 
cules  on  the  cooled  source  backing.  At  r.  kinetic  energy 
of  1200  eV,  a  narrow  line  (half-width  1.5  eV)  is  obser¬ 
ved.  This  corresponds  to  the  atomic  1«  level  in  carbon. 
Since  the  X-radiation  also  contained  the  satellite  lines 
Ka3  and  A_a4.  the  sume  atomic  level  is  again  seen  as  two 
electron  lines  at  a  kinetic  energy  of  ca.  1210  eV. 
Electron  binding  energies  are  around  280  eV.  It 
is  of  interest  to  note  that  the  continuous  background 
is  small  and  in  particular  that  the  low-energy  electron 


veil  is  negligible.  The  current  in  the  X-ray  tube  was 
lowered  to  <>  niA  (if  lieees.iary,  it  could  be  raised  to  a 
much  higher  value,  say  100  mA)  and  still,  as  can  be 
seen,  the  intensity  in  the  electron  sjiectrum  is  high. 

A  group  of  lines  is  observed  with  binding  energies 
between  five  and  twenty  eV'.  These  linos  in  the  ESCA 
spectrum  cannot  be  attributed  to  any  atomic  levels  in 
carbon  or  hydrogen.  Instead  they  correspond  to  mole¬ 
cular  orbitals  in  the  solidified  benzene  molecule. 

It  had  already  been  observed  in  the  early  twenties, 
that  the  position  of  emission  lines  and  absorption 
edges  in  X-ray  spectroscopy  was  not  solely  an  atomic 
property  but  was  also  to  a  small  extent  dependenton  the 
chemical  state  of  the  atom.100,118  Not  only  the  peripheral 
atomic  levels  which  could  be  expected  to  be  influenced 
by  chemical  binding  were  affected  but  also  the  inner 
levels,  for  example  the  K  level.  Much  work  has  been 
devoted  to  the  task  of  interpreting  this  chemical  effect 
on  X-rays  and  thereby  improving  our  understanding 
of  the  chemical  bond.  Progress  has  been  hampered. 


13 


;/l20f 


2500 


2000 


1500 


1000 


fV  290 


280 


270 


KINETIC  ENERGY 

- f - 

BINDING  ENERGY 


30 


20 


0 


Fitf.  1:14.  Klnctron  Hpoctnnn  from  carbon  ii.  H^liditiod  bonze  no  ining  tho  freezing  tcrhnujuo.  Tho  ]s  oWlion  lim  Iiuh  a  width  of 
1.5  ©V.  Tho  right-  part  of  the  Hpoctram  hIiowk  olootron  linur.-  from  tho  molecular  orbitaln.  Sno  alno  Fig.  VIII  :  52. 


for  two  main  reasons:  the  chemical  shifts  in  X-ray 
emission  spectra  ure  generally  very  small  (of  the 
order  of  tenths  of  an  eV)  and  furthermore  they  are 
difficult  to  interpret  theoretically.  In  X-ray  absorp¬ 
tion  spectra,  the  chemical  shifts  are  larger  but,  on  the 
other  hand,  the  effects  are  much  more  difficult  to  study 
because  of  the  edge  structures,  which  arc  often  further 
complicated  hy  additional  structures  on  the,  high 
energy  sides.  Faessler120  in  his  review  of  this  field  con¬ 
cludes  that  in  spite  of  the.  small  effects  in  X-ray 
emission  spectroscopy,  from  the  experimental  point  of 
view  this  approach  is  definitely  to  be  preferred  to  X- 
ray  absorption  studies.  Early  attempts  made  by  Ro¬ 
binson  and  coworkers121  to  study  chemical  displace¬ 
ments  in  X-ray  produced  electron  spectra  were  not 
sufficiently  rewarding  to  make,  this  typo  of  spec¬ 
troscopy  useful  for  the  study  of  chemical  structure 
problems. 

After  having  developed  high  resolution  electron 
spectroscopy,  our  first  attempt,  to  study  the  chemi¬ 
cal  effects  waH  made  in  1057  on  copper  and  its 


oxides.14  It  was  found  that  electron  spectroscopy  was 
particularly  well  suited  for  this  field  of  research  for  the 
following  reasons:  (a)  the  sensitivity  is  high,  (b)  the 
chemical  effects  are  relatively  large  and  can  be  studied 
separately  for  each  individual  level,  («)  the  precision 
is  high  ever  in  complicated  cases  because  of  the  lino 
character  of  KNCA  spectra,  We  have  found  a  particu¬ 
larly  rewarding  field  among  the  light  elements  in  the 
Periodic  System,  i.c.  elements  like  carbon,  nitrogen, 
and  oxygen76, 76,(11  which  are  of  special  importance  in 
organic  chemistry  and  biochemistry.  X-ray  emission 
spectra  from  these  elements  have  a  serious  limitation  in 
the  fact  that  the  X-ray  lines  a-e  not  sharp  since 
the  broad  valence  band  is  involved  in  the  X-ray  tran¬ 
sitions.  Although  tho  inherent  width  of  the  K  level 
is  itself  very  email,  it  is  impossible  to  make  use  of  it 
in  X-ray  emission  spectroscopy.  In  ESCA,  however, 
the  K  electron  spectra  of  these  light  elements  are  easily 
excited  giving  very  sharp  lines  of  high  intensity,  as 
was  shown  in  Fig.  1:9.  Since  the  inherent  widths 
of  the  K  levels  of  the  lightest,  elements  are  of  tho  order 


14 


of  some  tenths  of  an  electron  volt,  the  main  contribu¬ 
tion  comes  from  the  inherent  width  of  the.  exciting 
X-ray  line,  if  MgAa  or  AIA'a  radiation  is  used  this 
is  still  less  than  1  eV  (Section  11:5).  Including  the 
finite  resolution  of  the  spectrometer,  the  A'  electron 
lines  from  the  light  elements  have  widths  of  1.3 — 1.5 
aV,  and  in  the  following  a  few  examples  are  discus¬ 
sed. 

In  the  electron  spectrum  of  acetone,  the  carlton  line  is 
split,  into  two  well-resolved  lines,  see  Fig.  1:15.  The 
distance  between  the  two  lines  is  2.7  cV.  The  in¬ 
tensity  latio  is  2:1,  which  shows  that  the  left  line 
corresponds  to  the  carbon  hound  to  oxygen  and  the 
right  line  to  the  earl  on  it:  the  methyl  groups.  This 
spectrum  was  not  recorded  with  the  above  mentioned 
freezing  technique.  Instead,  acetone  vapour  was  allowed 
to  flow  in*o  the  source  compartment  and  the  vapour 
was  irradiated  with  aluminum  X -radiation.  Thus  the 
electron  spectrum  shown  in  Fig.  1  :  1.5  was  obtained 
from  free  acetone  molecules.  A  great,  inim her  of  similar 
spectra  recorded  from  compounds  both  in  the  gaseous 
and  the  solid  phase,  have  shown  that  we  have  here 
found  a  gcncal  method  to  distinguish  atoms  with  dif¬ 
ferent  valence  states.  For  example,  ethyl  trifluoro- 
aeetate  is  u  molecule  with  four  carbon  atoms  having 
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Ki^.  f  :  Ml.  Kl<  ctrim  Hpociruin  from  carbon  in  ethyl  tri* 
fliioroacctutc.  All  four  carbon  alums  in  thir  molecule  aro 
dmt.inf>uisli(<I  in  the  wper train.  Tim  Jinofl  appear  iri  the  Maine 
order  from  left  to  riyht  ua  du  I  lie  enrrnHpomling  carbon  atoinn 
in  the  Hlrnctitrc  that  baa  been  drawn  in  tlio  figure. 

different  valence  states  and  as  shown  in  Fig.  1:10 
the  carbon  elect  ron  spectrum  from  this  molecule 
reflects  each  of  these,  valence  states.  The  lines  cor¬ 
responding  to  the  different  carbon  atoms  in  the  mo¬ 
lecule  appear  in  the  same  order  from  left  to  right 
us  do  the  carbon  alums  in  the  structure  that  has 
been  drawn  in  the  figure.  The  different  valence  states 
of  atoms  of  the  same  element  may  also  lie  resolved  in 
more,  complicated  molecules. 

He  have  recently  studied  an  extensive  Dories  of 
organic  nitrogen  compounds76-"1  of  which  some  examples 
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Fij{.  1:17.  Nitrogen  1*  J i ii<*h  from  a  1:1  mixture  of  amino* 
bonzneu  Hull  nitrobenzene,  both  of  which  (iro  li<|lli«lH  at  room 
toin|*»sp«turm.TI**'  The  energy  ac|mratioo  ja  7,0  oV,  Sou  also 
Moction  V:fta. 


will  be  given  here.  Fig.  1:17  shows  the  Is  nitrogen 
linen  from  u  1:1  mixture  of 


ttminobonzciio 


Nil, 


ami 

nitrobenzene 


NO, 


both  of  which  are  liquids  at  room  temporal wre.  The 
separation  of  the  nitro-  and  the  amino  nitrogen  lilies 
is  appreciable,  being  7.0  eV.  The.  intensity  ratio  lie 
pends  on  the  partial  vapour  pressures  of  the  two  com¬ 
pounds  in  the  mixture. 


Fig.  1:18  shows  the  nitrogen  spectrum  from  the 
molecule 

<),N  /  ^  SO,NH-x^ 

The.  nitrogen  is  here  split  into  three  lines.  The  line  of 
lowest  kinetic  energy  can  easily  be  shown  to  correspond 
to  N02  whereas  the  interpretation  of  the  other  two 
lines  is  more  difficult.  However,  in  a  separate  study  it 
was  established  that  the  pyridine  nitrogen  corresponds 
to  the  electron  line  of  highest  kinetic  energy.  The. 
energy  difference  between  N02  and  KH  is  5,4  eV  and 
between  the  NH  and  pyridine  nitrogen  is  2.1  eYr, 
Oxygen  and  other  elements  are  also  subject  to 
chemical  shift  effects  in  their  ESC  A  spectra. 
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Fig.  I  s  Mb  Kloctron  Hpi'ctruni  of  Mu*  2;>  nubHhrll  of  milfur  in  Hodiuin  thioHulfato,  Na,Sf(>a.  Tim  chemical  shift  is  0.0  ©V.  The 
lines  lire  asymmetric  due  to  the  spin  doublet  splitting  2pif2  and  2pa/t.  Noe  also  Section  V  ;  /3  b. 


The  chemical  binding  effect,  cun  be  followed  from 
ehell  to  shell.  In  the  third  row  of  the  periodic  system 
where  the  A,,  m  shells  ure.  sharply  defined  in  energy, 
one  finds  elements  like  phosphorus,  sulfur  ttfid  chlorine 
which  (inn  occur  in  a  variety  of  valence  states.  Fig. 
I :  l!>  shows  the  splitting  of  the  sulfur  tip  line  in  sodium 
thiosulfate,  NaaSj03.  The  two  sulfur  atoms  have  differ¬ 
ent  oxidation  numbers,  namely  (I  I  and  2  The 
ehemieal  shift  in  the  2p  level  is  0.0  cV.  Similarly,  we. 
have  found  a  shift  of  7.0  eV  in  the  I  v  level.  Thus  the 
splitting  is  large  and  iH  easy  to  measure  with  con¬ 
siderable  precision  (=*().)  eV).  In  X-ray  emission, 
the  chemical  shifts  in  sulfur  have  been  given  parti¬ 
cular  attention. ,I"  'The  shifts  encountered  are,  how¬ 
e'er,  almost  an  order  of  magnitude  smaller  than 
in  KKCA  and,  furthermore,  expose  only  the  difference 
between  the  shifts  in  the  A  and  A  levels,  not  the  total 
shifts  of  each  level.  The  shifts  between  different  sulfur 


compounds  generally  amount  in  X-ray  emission  spect¬ 
ra  to  only  a  few  tenths  of  an  e.V,  i.e.  to  a  small  fraction 
of  the  inherent  line  width  of  the  A'a  line.  Also,  since 
the  sulfur  Ax  line  is  an  unresolved  doublet  owing  to 
the  large  inherent  line  widths  compared  to  the  small 
doublet  separation,  the  interpretation  of  the  X-ray 
chemical  shifts  is  further  complicated  in  this  case. 
In  X-ray  absorption  spectroscopy  on  the  other  hand, 
as  pointed  out  by  Faessler,120  the  uncertainties  can  he 
demonstrated  by  tile  fact  that  for  some  time  it  was 
thought  that  the  sulfur  K  absorption  edge  derived 
from  thiosulfate  was  composed  of  three  instead  of  two 
different  components, 

'The  examples  given  so  far  of  chemical  shifts  in 
electron  spectra  were  obtained  in  the  K  and  A  shells. 
Fig,  1 :20  is  an  exurnple  of  the  chemical  binding  effect 
in  the  M  shell.  1 1  demonstrates  the  chemical  influence 
on  the  MIV  and  Afv  levels  in  iodine  in  the  two  eonn- 
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t'lK-  I  :20.  TCIoctron  spectrum  frcm  a  mix¬ 
ture  of  Nul  and  NaJOj.  Tim  chemical 
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Inrgu  iu4  Um  differouco  hntwcoii  Hu>  itflv 
and  Mv  levels  themselves. 


pounds  Nnl  mid  Nii103.  The  spectrum  was  taken  from 
a  powder  mixture  of  the  two  compounds.  The  powder 
mixture  was  pressed  to  form  iv  pellet  in  much  the  same, 
way  as  JK  sources  are  made.  It  is  interesting  to  note 
that  the  chemical  shift  is  about  i  s  largo  as  the  differ¬ 
ence  between  the  M IV  and  Mv  levels  themselves  in 
iodine. 

Chemical  shifts  in  the  N  siieii,  finally,  are  exempli¬ 
fied  in  Fig.  1:21  and  Fig.  1:22.  Fig.  1:21  shows  the 
shifts  of  the  platinum  A'v[  and  A’V1,  levels  in  metallic 
Ft  compared  to  KzI’tCI(,  and  Fig.  1:22  shows  the 
same  levels  in  bismuth.  The  latter  spectrum  was 
obtained  from  evaporated  bismuth  and  reveals  that 
the  sample  had  been  partly  oxidized.  Much  of  the  levels 
jVvl  and  A’vn  are  split  in  two,  one  from  metallic  bis¬ 
muth  and  one  from  bismuth  in  oxide  form. 

We  have  found  that  all  elements  studied  so  fur 
exhibit  in  their  compounds  chemical  structure  effects 
which,  in  many  cases,  can  be  more  closely  investigated 
bv  KSCA.  For  instance,  metals  iike  Li,  11c,  Al,  Cu,  Fe, 
Mil,  Cr  etc,  and  their  oxides,  idl  give  easily  measurable 


shifts.  Noll-metallic  elements  like  C,  N,  O,  S,  P,  Cl,  1 
etc.  behave  in  the  same  way. 

The  question  arises  whether  the  observed  chemical 
shifts  can  be  fitted  into  a  consistent  theoretical  picture. 
This  can  be  done  providing  one  takes  into  account  that 
the  formation  of  a  chemical  bond  influences  the.  distri¬ 
bution  of  electric  charge  in  the  outer  orbitals  and  there¬ 
fore  causes  a  change  in  the  screening  of  the  core  elect¬ 
rons.  I  n  this  model,  the  position  of  an  electron  line  from 
an  element  can  be  used  as  a  measure  of  the  effective 
atomic  charge  on  the  element,  in  the  molecular  or  solid 
state  structure.  The  shifts  can  lie  calculated  quantum 
mechanically  as  described  in  .Section  V:3,  and  by 
comparison  with  observed  shifts  one  can  make  a  serni- 
empirieai  determination  of  the  effective  atomic  charge, 
from  which  some  estimate  concerning  the  character 
of  bonds  can  he  made.  One  example  can  be  mentioned 
here.  In  the  third  period  of  the  Periodic  System  partial 
double  bond  character  through  contribution  from 
higher  orbitals  has  been  invoked  to  explain  the  charac¬ 
ter  of  sulfur-oxygen  bends.  We  have  therefore  recently 
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slowing  tln>  shifts  of  the  plutiniiiii  NVI  and  /VVII 

sluelied  the  sulfur-oxygen  bond  in  an  extensive;  se;ries 
of  eirganic  sulfe>r  compounds"5  (Kcctiein  V:5b). 

For  mom  cernipmhemsive;  scries  of  e;e>m|munelH  wo 
have;  used  this  simple.  ele;ctre>ne;gativity  eionce-pt,  in  tho 
discussem  of  thi!  influonoo  of  valemce;  on  clmmmal 
shifts,  hoc  Section  V  ;4.  Coneepts  like  valency  or  eixiel- 
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Fix-  1;22.  Klocfcrou  H|H**trum  from  viusuum  ovaporutad  bin* 
ninth.  Tho  metallic  Hourco  whh  oovurod  by  a  thin  layer  of 
oxide  when  e.xjMMJfti!  to  air.  Th«»  rbfuniciil  whift  Ixdwocn  the 
metal  and  the  oxide  ih  about  2  oV, 

atiem  number  have;  alse>  I  wen  uned  for  correlating 
chemical  HbiftH  but  arc  too  crude  for  a  detailed  discus- 
Hion  and  niore  HophiHtieated  conceptH  muHt  be  used  for 
thin  purpose. 

Chemical  effects  are  also  irnjxirtant  in  other  types 
of  Hpeetroneopy  an,  for  instance,  in  nuclear  magnetic; 
resonance  spectroscopy  (NMR),  electron  s|)in  rc;sonanec 
sfK;ctroseopy  (K!SH),  and  in  the  isomeric  shifts  in 
Mcmshaiicr  H|M;ctrose-opy.  In  NMR  and  KSR,  hewevc;r, 
it  is  the  magnuiie  inu;raetioiin  of  the  electron  distri¬ 
bution  that  ex[H)sc;s  the  chemical  structure.  In  NMR 
the  effective  magnetic  field  at  the  nueleuH  is  modifies! 
by  the  surrounding  electron  distribution  and  the 
magnetic  energy  is  also  dependent  on  the  spin-spin 
interaction  with  neighbouring  nuclei.  Isomeric  shifts 
in  Mbssbaueir  spectroscopy  are  caused  by  the  Coulomb 
interaction  between  the,  nucleus  and  the  surrounding 
electrons  that  pcnetiatc  the  finite  nuclear  volume.  A 
change  in  valence;  causes  a  change;  in  h  electron  density 
at  the;  nucleus  anel  therefore;  a  change  in  the;  Coulomb 
inte;rae:t,ie)n,  which  results  in  a  shift  of  the  nuclear 
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Fig.  1:23.  KLL  Augur  spectrum  of  so*lium.  It  contains  five  Auger  linos  from  soflium  plus  ono phobocloctro'i  line  from  oxygon, 111 
Hoe  also  Chapter  VI. 


levels.  ESCA  shifts  fire,  also  caused  by  changes  in 
Coulomb  interaction,  but  unlike  NMK  and  isomeric 
shifts,  they  arc  not  of  the  h.f.s.  type.  The  spectacular 
resolution  of  h.f.s.  resonance  methods,  like  NMK  and 
\(fuiu[tu^<>p  spsvtr(JSv(?py  is  not-  ni-lsiiuibit?  l>y  KSCJA 
because  of  the  natural  limitations  caused  by  the  in¬ 
herent  widths  of  the  atomic  levels.  ESCA  does,  how¬ 
ever,  provido  fairly  direct  information  on  the  charge 
distribution  associated  with  chemical  interactions,  and 
generally  any  constituent  element  of  a  molecule,  can 
Is:  selected  for  study,  regardless  of  its  nuclear  proper- 
ties  such  as  spin  and  magnetic  moments.  It  should  there¬ 
fore  be  a  valuable  complement  to  these  other  methods 
in  the  study  of  chemical  structure. 

From  the  application  of  ESCA  to  different  chemical 
structures  we  have  seen  that  chemical  effects  cause 
considerable  shifts,  and  that  the  technique  provides  a 
method  for  the  study  of  charge  distribution  in  bonds. 
ESCA  will  therefore  be  particularly  suitable  for  elu¬ 


cidating  problems  which  are  directly  connected  with 
the  charge  distribution  in  molecules.  There  arc  rela¬ 
tively  few  other  methods  available  for  a  direct  estima¬ 
tion  of  charge  on  an  atom.  X-ray  diffraction  can  lie 
used  for  this  purpose  but  is  often  tedious.  Charge 
distribution  in  bonds  can  be.  estimated  from  di|>o!c 
moments,1’4  but  a  serious  drawback  is  the  vector 
character  of  this  quantity,  which  requires  exact 
knowledge  of  the  geometry  of  molecules,  and  even  if 
it  is  known  it  may  Is:  difficult  to  determine  the  signs 
of  the  moments  which  constitute  the  resultant  moment. 
In  symmetrical  molecules,  the,  resultant  moment  can 
Is:  zero.  In  such  molecules,  the  bond  moments  or  partial 
ionic  character  of  bonds  can  Is:  estimated  by  ESCA, 
because  the  individual  atoms  can  be  studied  directly 
and  indcjHindcntly. 

The  concepts  of  partial  ionic  character  of  bonds  ami 
partial  double  bond  character  are  aspects  of  the  charge 
distribution  in  bonds,  see  Section  V:4.  These  arc  con- 
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nectcd  with  bornl  lengths  ami  vibrational  force  con¬ 
stants.  Since  exact  bond  lengths  cannot  he  determined 
on  non-crystalline  material  and  vibrational  spectra 
sometimes  may  he  difficult  to  interpret,  KSCA  may 
also  be  a  useful  complement  to  X-ray  crystallography 
and  1R  and  Hainan  spectroscopy. 

Charge  is  also  an  important  parameter  in  quantum 
chemistry  and  often  dejiends  on  the  choice  of  other 
inde|H‘ildent  parameters,  some  of  which  often  have  to 
be  estimated  empirically.  The  fact  that  KSCA  shifts 
reflect  the  eharge  distribution  therefore  implies  that 
charges  from  KSCA  can  he  useful  for  correlation  with 
data  calculated  by  quantum  mechanical  procedures. 

When  an  electron  from  one  of  the  inner  shells  is 
ejected  from  the  atom  the  vacancy  is  filled  by  succes¬ 
sive  electronic  transitions  from  outer  shells.  There  is 
an  associated  emission  of  X-rays  in  well-defined  wave¬ 
lengths.  Alternatively,  the  atom  can  emit  so  called 
Auger  electrons,  by  radiationless  transitions,  see  Section 
11:2.  Thus,  Ihe  excitation  energy  is  converted  into 
kinetic  energy  of  electrons,  which  are  characteristic 
for  a  given  atom.  The  Auger  electron  lines  are  inde¬ 
pendent  of  the  primary  radiation  and  defined  solely  by 
the  element  eonccrmsl  and  its  chemical  environment. 
Ill  addition  to  the  photoclcctron  line™,  we  can  record 
those  Auger  electron  s|«-etra  in  KSCA  at  high  re¬ 
solution  and  with  a  good  intensity.  Auger  sja-etra  are 
particularly  easy  to  excite  for  the  elements  at  the 
licginning  of  the  Periodic  System,  in  contrast  with 
the  X-ray  fluorescence  spectra  (see  Ncttion  JI  :2).  This 
provides  another  means  for  the  chemical  analysis  of 
light  eh  incuts. 

The  most  important  Aorcr  electron  line  group  for  an 
element  involves  transitions  between  the  K  and  L 
shells,  The  selection  rules  are  quite  different  from  those 
for  X-ray  transitions  and  the  number  of  lines  in  the 
KLL  group  varies  from  five  for  the  lighter  elements 
to  nine  for  medium  X  elements.  Fig.  1:23  shows  an 
electron  speelruin  of  the  KLL  transitions  in  sodium,4* 
containing  five  Auger  lines  plus  one  photoclcctron  line 
from  oxygen.  The  t  dstc’iee  of  nine  Auger  lines  for 
medium  Z  was  first  demonstrated  for  zirconium53 
(Z  40).  Auger  electron  lines  are  also  excited  in  radio¬ 
active  decay,  either  in  electron  capture  or  the  internal 
conversion  in  gamma  decay.  However,  for  light  elements 
the  probability  of  internal  conversion  is  very  small  and 
ti.~  cases  of  electron  capture  arc  few.  The  Auger  spectra 
have  therefore  been  studied  mostly  among  medium 
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Fig.  1:04.  Chemical  effect  oil  tho  sulfur  Os’O/j'P/l,!  Auger 
transition  ill  Rixlimn  thiosulfate  NotR,!),.*'  The  energy  separa¬ 
tion  Ixitweon  the  two  lines  is  in  agreement  with  the  observed 
shifts  in  the  plmhsOeetron  sfsietra  of  the  Is  shell  and  the  Op 
sulishell. 

and  large  rZ  elements.  In  KSCA  the  Auger  lines,  in¬ 
cluding  those  for  the  lighter  elements,  are  easily 
excited. 

We  have  mapped  out  part  of  this  field,  and  have 
established  senii-ernpirieal  energy  relationships  in  dif¬ 
ferent  parts  of  the  Periodic  System33, 36  so  that  different 
lines  in  the  Auger  electron  sjxu  tra  can  be  identified 
(sec-  Ajqx'ndix  4).  Using  the  general  computer  program, 
Appendix  3,  for  the  SCF  calculation  of  atomic  binding 
energies,  described  in  Section  111:1),  we  have  mode 
new  calculations  on  the  Auger  effect73  aimed  at  ob¬ 
taining  more  accurate  theoretical  values  of  energies 
ami  intensities  in  Auger  spectra  (Chapter  VI), 

There  are  some  other  interesting  features  which  we 
have  observed  in  connection  with  the  studies  of  Auger 
H(M-clra.  For  instance,  continuous  electron  distributions 
on  the  low  energy  sides  of  such  electron  lines  indicate 
the  emission  of  electrons  from  multiply  ionized  atoms. 
Another  effect  which  we  have,  observed  in  the  ease  of 
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Kig.  1:25.  Kluc'troii  K|M>ctriim  ol  ur^nri  («)  ami  xenon  (h)  showing  l.lie  spin-orbit  splitting  «f  tho  term  and  5pi(,i'*)  term, 

rc*|xiotivrly.  'J’lm  word  excited  by  helium  radiation  and  tlx.  lino  widtlm  am  an  huiiiII  ns  0.013  oV. 


for  example,  K  and  01  is  tho  existence  of  a<l<litioiml 
electron  lines  which  indicate  an  extra  atomic  excitation 
of  He.vcral  eV,M 

We  have  also  sludii  <1  chemical  effect*  on  Auger  elec¬ 
tron  liiM!H.,,,,4,M  The  chemical  shifts  in  the  photoclee- 
tron  H|H!ctra  refer  to  each  separate  level  and  a  characte¬ 
ristic  feature  is  that  the  shifts  for  the  K  and  A  shells  are 
of  about  the  Maine  magnitude.  Thin  explains  the  Hinall 
shifts  (iiHually  well  iimidc  the  natural  line  width*)  of 
the  A'a  X-ray  emiHHion  lined,  which  are  traoditioiin 
between  the  K  and  A  shells.  For  Auger  electron  lined 
from  EHCA,  both  the  K  and  the  A  nhelld  are  involved 
but,  unlike  the  X-ray  einiddion  lined,  the  A  dhell  occuru 
twice  in  the  transition.  Therefore,  approximately  the. 
full  level  dhiff  can  be  exacted.  We  have  made  a  study 
of  thid  problem  und  have  confirmed  thin  behaviour.  Fig. 
I  :24  dhowd  the  chemical  shift  of  the  A'A2AS  line  in 
sodium  thiodulfutc.  The  didtanee  between  the  two  lines, 
corrcHponding  to  the  (i  I  ami  2 —  oxidation  states,  is 
found  to  be.  4.7  eV.  We  had  before  observed  a  shift,  of 


7.0  eV  in  the  A'  shell  and  (i.O  e.V  in  the  A  shell  for  the 
photoeleetron  lines.  The  calculator!  Auger  lino  shift 
would  thus  he  AA  AA*  —  -f>.0  eV,  i.e.  in 

agreement  with  the  direct  measurement  shown  in  the 
figure. 

Molecular  orbital  levels  with  binding  energies  of 
some  eV  can  also  he.  seen  in  KNOA  sjiectra.  in  such 
com  ix mu. In  water,  benzene  and  other  organic  mole¬ 
cules,  we  have  complemented  our  measurements  of  the 
inner  levels  by  additional  studies  of  outer  molecular 
levels,  sec  Fig.  1:14.  Using  our  high  resolution  cx|x:ri- 
mental  equipment  for  KSUA  and  ultraviolet  light  for 
exciting  the  sjsictra  these  levels  can  he  resolved  in 
considerable  detail.  For  this  pur|«ise,  a  helium  light, 
source  has  Imm-ii  designed. 

The  UV  excitation  of  the  electron  sjxietra  of  gases 
ill,  low  pressures  in  the  energy  region  around  10  eV  has 
yielded  line  widths  as  small  as  0.01  eV.  I n  these  eases 
vibrational  structures  are  widely  separated  and  the  ro¬ 
tational  sub  structure  is  within  reach.  This  field  has 
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Fig.  Kbction  HjMvtnmi  of  i.ii-co^on  showing  8  vibrational  IovoIh  of  tbo  inolcruln  inn  in  tbo  A  Jlu  ntnlo.  Kxcitatioti 

of  the  s|MTtnin»  witH  iiumIo  by  helium  radiation. 


1h>cm  studied,  in  particular  by  groups  in  Kurland  and 
Oerniuny. 122  12,1  Kij'.  1:2.0  shows  I IV  excited  electron 
HIKTl.ni  from  gaseous  argon  (I  :2.0u)  ami  xenon  (1 :25b), 
recorded  recently  by  our  present  equipment  at  ft  pres¬ 
sure  of  0.0.0  torr.  Fig.  1  :2<>  shows  t  he  elect  ron  spectrum 
of  the  /I* ||,  state  of  the  Na  molecule  ion.  Fight  vibra¬ 
tional  levels  are  seen  in  this  group.  .Some  other  s|S'ctra 
are  shown  in  Section  VIII : ti. 

Hxcitation  hy  electrons  is  also  of  interest,  and  the 
equipment  has  been  provided  will)  facilities  for  such 
studies.  With  this  equipment  we  have  produced  Auger 
electron  H|>eetru  from  neon,  krypton,  and  some  organic 
molecules.  For  neon,  the  KLL  s|iectruin  was  recorded 
and  for  krypton,  the  spectrum .  In  the  latter, 

the.  line  widths  observed  were  0.1.0  eV  which  means 


that  the  Auger  transition  energies  cart  Is:  rneasunsl 
to  within  a  few  millielectronvolt.  Part  of  this  s|sietrum 
is  shown  in  Fig.  1:27.  For  a  more  complete  discussion 
see  Chapter  VI. 

KNOA  can  he  further  improved  technically.  The 
basic  requirement  is  high  resolution,  hut  in  practice 
the  H[>ccd  and  reliability  of  the  recording  of  data  are 
additional  imjiortant  factors.  The  scope  is  wide,  and 
i'i  order  to  make,  full  use  of  the  potentialities  of  the 
method,  further  instrumental  development  work  is 
desirable.  It  iH  also  possible  to  increase  the  resolving 
power  still  more  ami  improv  the  intensity  and  the 
signal-to-haekground  ratio  i-i  the  spectra. 

Our  present  equipment  consists  of:  (I)  An  improved 
version  of  our  original  instrument,”  (2)  A  newly  built 
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Kig.  1:27.  Part  of  Mi,  5 Y A  A u^rr  spectrum  k ry  p  toe  of  krypton  excited  by  electron  impact.  rJ’fio  wliolo  spectrum,  containing 
some  40  lines,  iH  mIiowti  end  discussed  in  Chapter  VI. 


30  cm  radius  magnetic  double  focussing  instrument 
with  improved  coil  design  in  which  emphasis  has  been 
placed  on  ease  of  handling,  e.g.  better  access  »>" «■'* 
and  counter  arrangements,*®  (3)  An  electrostatic 
double  foeuHHing  device  of  the  eeetor  type  with  a  radius 


of  30  cm.*’  This  is  the  first  of  its  kind,  being  capable 
of  a  resolution  of  a  few  parts  in  10*.  ft  is  provided  with 
a  cryostat  with  which  the  sources  can  be  cooled  to  liquid 
nitrogen  or  liquid  helium  temperatures  and  it  is 
equipped,  in  addition,  with  the  above-mentioned  alter- 
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native  arrangements  for  exciting  electron  spectra  with 
UV  light  and  electrons.  The  instrument  can  he  used 
for  solid,  liquid,  and  gaseous  sources.  When  gases  or 
liquids  are  studied  they  can  also  be  solidified  by  means 
of  the  cryostat  arrangement.  (Cryostats  have  now  also 
been  incorporated  with  instru ments  1  and  2.)  UV  light 
or  electron  excitation  is  used  mostly  for  the  study  of 
gases  at  low  pressure.  (4)  A  combination  of  a  curved 
crystal  monochromating  X-ray  system  and  a  perma¬ 
nent  magnet,  homogeneous  field  electron  spectrometer 
with  photographic  recording.*1  To  scan  the  plates,  an 
automatized  TV  microdensitometer,1't,°  has  been  de¬ 
veloped,  which  counts  individual  tracks  in  the  emul¬ 


sion.  (5)  Furthermore,  a  large,  50  cm  radius,  high  re¬ 
solution  magnetic  double  focussing  instrument,  pre¬ 
viously  used  for  radioactive  work1*,  has  been  rede¬ 
signed*5  for  ESOA  work.  This  instrument  is  cha¬ 
racterized  by  high  dispersion  and  is  provided  with 
facilities  to  use  extended  sources  without  sacrificing 
resolution.  A  multidetector  system  '  :tuated  in  the 
focal  plane  of  the  spectrometer.  In  this  way  the  in¬ 
tensity  will  be  greatly  enhanced  and  a  larger  part  of 
the  spectrum  can  be  recorded  simultaneously.  The  in¬ 
struments  will  be  described  in  some  detail  in  Chapter 
VIII. 
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II.  SOME  BASIC  PRINCIPLES 


11:1.  Photoelectric  Effect  in  ESCA  and  in 
X-ray  Absorption  Spectroscopy 

In  Chapter  I,  wc  pointed  out  the  much  overlooked 
fact  that  electron  spectroscopy  is  a  jxiwcrful  alter¬ 
native  to  X-ray  spectroscopy  for  the  study  of  atomic 
structure.  It  was  shown  that  the  electron  spectra 
appear  as  line  sjiectra  when  studied  in  modern  high- 
resolution  instruments  and  that  the  electron  lines  are 
just  as  narrow  as  the  X-ray  emission  lines.  In  develop¬ 
ing  KSCA,  wc  have  so  far  employed  mostly  the  photo¬ 
electric  effect  for  producing  electron  spectra.  An  X-ray 
absorption  sjieetriun  is  also  obtained  as  a  result  of  the 
photoelectric  effect.  The  ex|>eritncntul  layout  for  the 
KSCA  method  and  the  X-ray  absorption  method  is 
shown  in  Fig.  11:1.  In  KSCA,  the  sample  is  irradiated 
with  an  X-ray  beam,  and  the  ejected  photoe.loctroiis 
are  analysed  in  a  magnetic  or  in  an  electrostatic 
spectrometer.  In  the  X-ray  absorption  method,  the 
sample  is  also  irradiat'd  with  X-rays,  hut  here  the 
absorption  of  the  X-ray  beam  is  measured  as  a  function 
of  the  X-ray  energy. 

The  atomic  processes  that  yield  the  photoelcetron 
part  of  the  KSCA  n|>ectnim  and  the  X-ray  absorption 
spectrum,  are  also  illustrat'd  in  Fig.  11:1.  In  the  phot>- 
eleetrie  process  utilis'd  by  the  KSCA  method  (left- 
hand  side  of  figure),  a  bound  electron,  in  the.  figure  ail 
electron  in  the  K  shell,  is  promot'd  to  a  free  state  out¬ 
side  the  sample.  Its  kinetic  energy  is  well  defined,  and 
any  lack  of  definition  of  its  energy  is  solely  due  to  the 
natural  width  of  the  level  from  which  the.  electron  1ms 
been  eject'll  (the  level  ami  band  profiles  have  been 
marked  on  the  right  hand  side  of  the  figure)  and  to  the 
lack  of  definition  of  the  energy  of  the  incident  charac¬ 
teristic  X-ray  beam. 

An  X-ray  absorption  edge  arises  when  a  bound 
electron  is  promot'd  t>  the  first  unoccupied  level  which 
is  allowed  according  t>  the  relevant  selection  rules. 
For  a  metallic  sample  this  will  Is-  a  level  in  the  con¬ 
duction  band,  at  or  just  above  the  Fermi  level.  For  ail 
insulator  it  will  be  a  level  at  the  liottom  of  the  conduction 
band.  When  the  energy  of  the  X-ray  beam  increases, 


the  excitation  involves  higher  regions  of  the  conduction 
band  and  the  course  of  the  absorption  curve  will  to  a 
great  extent  be  determined  by  the  structure  in  the 
outer,  unoccupied  bands.  This  complicates  the  inter¬ 
pretation  and  evaluation  of  the  positions  of  the  levels 
being  investigated. 

The  gross  features  of  a  photoelectron  spectrum  and 
the  corresponding  X-ray  absorption  spectrum  are 
shown  in  Fig.  11:2.  A  diagram  for  the  levels  present  in 
the  element  studied  is  given  at  the  top  of  the  figure. 

II  :2.  Auger  Electrons  anil  X-ray  Quanta 

If  a  vacancy  is  created  in  an  inner  electron  shell,  by 
electron  bombardment,  X-ray  irradiation  or  some 
other  method,  the  excited  atom  will  revert  to  the 
gri  und  state  by  emitting  characteristic  X-ray  radiation 
or  alternatively  by  radiationless  transitions,  the  so- 
called  Auger  transitions,  as  illustrated  in  Kig.  11:15. 
Thus  both  processes  are  initiated  by  the  excitation 
resulting  from  the  ejection  of  an  electron  from  an 
inner  shell  (the  K  shell  in  the  figure).  However,  the 
subsequent  de-excitation  takes  place  in  different 
ways  in  the  two  processes.  In  the  X-ray  ease,  the 
vacancy  is  filled  by  an  electron  from  an  outer  shell 
(the  shell  in  the  figure)  and  the  energy  released  is 
emitted  as  electromagnetic,  radiation  in  an  X-ray 
quantum.  In  the  Anger  ease,  the  energy  released  is 
instead  transferred  to  another  electron  in  one  of  the 
outer  shells  (the  L,  shell  ui  the  figure).  This  electron 
is  then  released  and  leaves  the  atom.  The  simplest 
notation  for  the  Auger  transition  illustrated  in  the 
figure  is  KLxLnx. 

When  the  primary  vacancy  is  created  in  one  of  the 
inner  subshells  of  the  L,M,  ...  shells,  the  excitation 
energy  is  often  sufficient  to  bring  about  a  process 
in  which  one  of  the  two  final  Vacancies  lies  in  an  outer 
Htibshcll  of  the  primary  vacancy’s  shell.  Radiationless 
transitions  of  this  type,  for  example  LXLXXXMV,  are 
called  Coster- Kronig  transitions. 

For  a  long  time  the  Auger  process  was  ignored,  both 
by  experimentalists  and  theoreticians.  However,  the 
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Fig.  11:1,  Tho  experimental  uot-up  and  the  atomic  processes  ill  the  cases  of  the  ESOA  method  and  the  X-ray  abporptiun 
method.  Tho  atomic  processes  are  illustrated  in  level  diagrams  for  metallic  samples  and  for  samples  of  an  insulator  or  an 
intrinsic  semiconductor.  Solid  circles  indicate  electrons  and  open  circles  indicate  vacancies  created  when  electrons  have  boon 
excited  to  higher  levels  by  tho  incidont  X-ray  beam. 
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Fig.  Principle  features  of  dm  plrntnelwtroi!  spectrum  (KHCW  spectrum)  and  the  X-ray  absorption  spectrum  lorn  givi  >i 

substance.  With  tlio  KtF/A  method  an  electron  NpooLrum  is  obtained  which  directly  maps  out  lie  electronic  Htriictuic.  Sharp  1  iiH-H 
arc  obtained  from  the  inner  bIicIIh  and  broader  distributions  from  the  hands.  The  odgos  in  an  X-ray  ahHorption  spectrum  arc 
depondont  upon  the  Htrueturo  in  tin'  hand  to  whicdi  the  electron  in  excited. 


radiationless  do-excitation  of  an  excited  atom  try 
emission  of  electrons  is  often  more  probable  than  the 
radiative  de-excitation  by  emission  of  X-ray  quanta. 
This  has  been  the  disappointing  experience,  of  those 
working  in  the  field  of  X-ray  tluorescenee  analysis. 
Thus  the  X-ray  fluorescence  yields  decrease  with  de¬ 
creasing  atomic  number  and  become  very  low  for  tin; 
lightest  elements.  This  is  shown  for  K  shell  vacancies 
irt  Fig.  II  .4,  which  gives  a  graphical  representation  of 
the  K  fluorescence  yield  mK  according  to  the  following 


semi-empirical  relation  by  Hagedoorn  and  Wapstra.127 

,  ",lr  -  (  -« .4  •  10  2  I  .‘t.40  •  10  2  2  1 .00  10  nZ/)i 

J  <nK 

A  low  fluorescence  yield  corresponds  to  a  high  yield 
of  Auger  electrons,  since  the  sum  must  equal  unity. 
Thus,  as  the  X-ray  fluorescence  yield  diminishes  at  low 
atomic  numbers  so  the;  Auger  yield  increases.  This 
offers  interesting  possibilities  for  utilizing  the  Auger 
part  of  the  KSCA  spectra  as  well,  for  the  study  and 
analysis  of  the  light  elements. 
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11:3.  Principl  ps  for  the  Calculation  of  Binding 
Energies  from  ESCA  Spectra 

Conservation  of  energy  in  the  photoelectric  process 
of  a  free  atom  requires  that  the  kinetic  energy 
of  tiie  pliotoelectron  is  given  by 

A'kln  “ '  A'x-rsy  '  /i'r  (1  ) 

Here  A'x.rair  is  the  quantum  energy  of  the  X-ray 
photon,  Eh  is  the  energy  .if  liberation  for  the  electron 
and  K,  is  the  recoil  energy.  By  applying  the  law  of 
conservation  of  momentum  for  the  ease  when  the  recoil 
is  in  the  direction  of  the  incoming  photon,  we  obtain 
as  ail  upper  lilll’t  for  the  recoil  energy 


Fig.  !!:«).  Two  alternative  iihkIch  * # f  atomic  fle.exeitat  ion 
which  follow  upon  n  eroation  nf  im  inner  mIicI!  vacancy. 


Fitf.  11:4.  X-ray  fluorescence  yield  ami  Auger  electron  yield 
in  the  K  shell  us  a  function  of  atomic  mnnher  Yi  for  tins  light 
ch'ineiitM  in  tin-  JVriodic  Syuteni. 


M  and  m  are  the  masses  of  the  recoiling  atom  and  the 
pliotoelectron,  respectively,  and  a  non-relativistic 
calculation  is  assumed  to  be  valid.  Table  11:1  gives  the 
maximum  recoil  energy  calculated  from  eq.  (2)  for 
some  elements  in  the  first  group  of  the  Periodic  Table, 
Calculations  are  made  for  three  different  X-radiations, 
namely  silver,  copper,  and  aluminum  Aa.  The  maxi¬ 
mum  recoil  energy  for  the  photoelectric  ejection  of  a 
valence  electron  is  calculated. 

Tahir  //  .  7  Maximum  recoil  energies  (cV) 
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It.  is,  in  most  cases,  less  than  one  electron  volt  in  magni¬ 
tude,  and  with  proper  choice  of  X-radiation  the  recoil 
energy  becomes  negligibly  small  in  our  measurements, 
The  term  E,  in  e<|.  (I)  will,  therefore,  hereafter  ho  dis¬ 
regarded.  Instead,  we  have  to  modify  eq.  (1)  when 
we  eonsidc:  the  solid  state  aspects  of  the  exjierimciital 
anaiigeiuent  f  >r  measuring  the  electron  binding 
energy.  This  is  illustrated  in  Fig.  II  :5. 

In  general,  there  exists  a  small  elec  tric  field  if i  tlm 
space  tietv/een  the  source  and  the  entrance  slit,  to  the 
spectrometer  even  if  both  are  grounded.  This  is  so 
because  grounding  the  source  and  tile  spectrometer 
material  means  that  their  Fermi  levels  art'  the  same. 
Any  difference  in  work  function  of  tile  source  material 
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fig.  U:f>.  Principled  for  thocalcu- 
latioji  of  binding  cnorgios  from 
electron  Hpoctru.  Tho  apocirnon  has 
boon  BHMiimoil  to  bo  metallic  and 
in  electrical  contaot  with  tbo  spec¬ 
trometer. 


and  tho  sjKiotrornctcr  material  thun  given  a  difference 
in  macro-potential1"-18  (i.o.  a  contact  potential)  and  an 
electric  field  in  the  space  between  source  and  Hjw:ct  re¬ 
moter  chamber.  The  kinetic  energy  EMn  of  the  ekictron 
when  it  enters  tho  spectrometer  chamber  is  thus 
slightly  different  from  tho  energy  which  it  has  on 
emerging  from  the  source.  It  is  the  kinetic  energy  Kkln 
that  iB  measured.  If  we  choose  the  Fermi  level  as  a 
reference  level  for  the  electron  binding  energies,  i.e. 
if  wo  have  zero  binding  energy  at  the  Fermi  level, 
conservation  of  energy  requires  that 

=  A’x  w  —  A’kln  —  (3) 

Hero  Kb  is  the  electron  binding  energy  and  cj>,„  is  the 
work  function  of  the  Sjxroiromcter  material.  It  should 
bo  noticed  that  the  term  <f>„  in  eq.  (3)  does  notdej*ud 
on  tho  source  material  and  as  long  as  it  docs  not  vury 
with  time,  one  and  the  same  work  function  correction 
can  ho  applied  to  all  the  measurements.  The  choice  of 
zero  binding  energy  at  tho  Fermi  level  has  been  marie 


not,  only  in  electron  spectroscopy  but  also  in  X-ray 
spectroscopy. 

In  Fig.  11:5,  the  source  material  is  assumed  to  be 
metallic.  The  same  result  is  obtained  if  the  specimen 
is  non-metallio.  However,  a  sufficient  number  of 
free  charge  carriers  must  ho  present  in  the  specimen 
so  that  the  Fermi  level  can  adjust  to  the  thermo¬ 
dynamical  equilibrium  sta  c.  It  has  been  found  that 
electrically  insulating  mater, ids  can  also  lie  studied  by 
the  KiSOA  method,  since  a  sufficient  number  of  free 
charge  carriers  are  formed  luring  X-ray  irradiation  of 
the  specimen. 

11:4.  Modification  of  Level  Diagram  Due  to 
Double  Layers  and  Electric  fields 

Electric  double  layers  may  develop  on  the  surface 
as  a  result  of  adsorbed  atoms.  A  double  layer  also 
develops  at  tho  surface  txi  retain  electrical  quasi- 
neutrality  when  the  crystal  departs  from  periodicity 
at  the  surface.  Electrons  from  the  interior  that  move 
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towards  the  surface  with  an  energy  that  is  too  small  to 
allow  them  to  escape,  proceed  to  a  small  distance  out¬ 
side  the  rigid  crystal  lattico  before  returning.  This 
again  is  equivalent  to  a  dipole  layer  at  the  surface. 
The  dipole  layer  that  is  the  result  of  these  different 
effects  gives  a  potential  step  at  the  surface  that  can 
bo  either  positive  or  negative  in  sign,  i.e.  the  macro- 
potential  in  the  interior  of  the  crystal  is  different  from 
the  macro-potential  in  the  surrounding  vacuum  (the 
vacuum  level).  The  level  diagram  of  a  metal  is  modified 
as  shown  in  Fig.  11:0. 

If  the  motul  is  placed  in  an  electric  field,  the  macro¬ 
potential  outside  the  metal  will  slope  but  otherwise 
no  change  occurs  in  the  level  scheme  of  Fig.  11:0  for 
reasonably  small  fields  (i.e.  the  Sohottky  effect  is 
negligibly  small).  If,  nstcud,  we  have  a  semiconductor 
or  an  insulator  the  electric  lines  of  force  will  penetrate 
to  some  depth,  a  space  charge  develops,  and  a  bending 
of  the  hands  and  inner  levels  will  occur  as  shown  in 
Fig.  11:7. 

An  electric  field  that  causes  this  effect  is  produced 
by  the  Volta  potential  (contact  potential)  between  the 
semiconductor  or  insulator  and  the  walls  of  the  con¬ 
tainer  or  any  other  material  from  which  it  is  separated 
l>y  the.  vacuum.  If  the  distance  between  the  two  mate¬ 
rials  is  decreased,  the  electric  fieid  increases  and  so  does 
the  bending  of  the  energy  levels.  However,  this  tends 
to  decrease,  the  Volta  potential  and  in  the  limiting  case 
when  the  two  materials  are  brought  in  contact  with 
each  other,  the.  Volta  potential  is  zero.  One  then  has  a 
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Fig.  11:0.  Modification  of  level  diagram  for  a  metal  due  to 
double  layers.  The  macro. potential  iti  the  crystal  ja  different 
from  the  macro  potential  in  tlio  surrounding  vuciiiiiu. 


SEMICONDUCTOR  OR  INSULATOR 

Fig.  11:7.  Modification  of  the  level  ache  mo  for  a  semiconductor 
or  an  insulator  duo  to  an  electric  field.  A  space  charge  develops 
and  a  bending  of  the  hands  and  inner  levels  will  occur. 

change  in  macro-potential  duo  to  bending  of  the.  levels 
that  is  approximately  the  same  us  the  Volta  potential 
at  infinite  separation,  i.e..  a  few  tenths  of  an  electron 
volt  in  most  cases.  This  is  the.  situation  when  two 
different  materials  arc  brought  into  contact  with  each 
other  in  semiconductor  devices. 

The  situation  is  different  for  a  sample  used  as  an 
electron  source,  for  KSCA  studies.  Assuming  that  the 
sample  is  thick  enough,  then  electrons  ox  polled  from 
the  interface  between  the  sample  ami  its  hacking  aic. 
not  studied  in  this  electron  spectrum.  IjPV'T  bending  in 
this  interface  may  therefore  lie  neglected.  Instead, 
there,  is  a  bending  of  levels  in  the  surface  region  that 
faces  the  vacuum.  However,  since  the  baffle  plate  of  the 
entrance  slit  to  Uio  spectrometer  is  situated  at  a  di¬ 
stance  of  about  f>  mm  from  this  surface,  the  electric 
field  due  to  the  Volta  potential  is  so  small  as  to  make 
the  level  bending  negligibly  small. 

Hard  ecu12*  in  li>47  introduced  the  concept  of  surface 
states.  Surface  stab's  can  exist  in  tho  otherwise  for¬ 
bidden  gap  of  a  semiconductor  and  can  be  filled  as  high 
ii]>  as  to  the  Fermi  level  of  the  material.  If  this  occurs, 
a  region  depleted  of  electrons  in  formed  under  the  sur¬ 
face.  The  electric  field  between  electrons  in  the  surface 


Kig,  11  :  H.  Inherent  widths  of  K  him  I  Lul  levels  versus  iitmnie 
number  A.  Tho  diagram  has  been  druvvii  up  with  the  aid  of 
data  for  level  wi  **hn  which  have  been  j » u I >  1  1  hy  I’nrrutt.130 


states  and  the  now  unscreened  punitive  ions  in  the 
depleted  region  produces  a  bending  of  the  levels  in  this 
region.  The  bending  is  no  larger  t.han  the  energy  dif¬ 
ference  between  the  top  of  the  valence  hand  and  the 
Fermi  level.  lx>vcl  bending  due  to  surface  states  has 
so  far  been  of  minor  concern  in  KS(’,\  spectra. 

II  :5.  Inherent  Widths  end  Energy 
Separations 

When  an  inner  electron  shell  is  ionized,  the  vacancy 
is  filled  hy  outer  electrons  within  a  lime  interval  of  the 
order  of  10  18  seconds.  According  to  the  uncertainty 
principle,  this  finite  life  for  a  level  corresponds  to  a 
lack  of  definition  in  the  energy  level  of  the  order  of  a 
few  electron  volts.  This  is  the  inherent  or  “natural” 
width  of  the  level,  which  defines  no  upper  limit  for  the 
accurae.y  with  which  atomic  level  cmrgics  can  he 
measured.  With  the  KSCA  method  this  limit  can 
actually  he  reached. 

As  is  seen  from  the  diagram  in  Fig.  II  :H,  the  width 
of  each  level  decreases  with  decreasing  atomic  number. 
For  aluminum,  both  the  K  end  the  Lm  widths  are  only 
a  f<  w  tenths  of  an  electron  volt.  In  certain  cases  when 
radiationless  de-excitations  of  the  Coster  Kronig  type 
take,  place  the  life  of  a  vacancy  in  an  electron  shell 
is  considerably  shortened.  The  width  of  each  level  then 
increases  according  to  the  uncertainty  principle,  and 
in  this  way,  there  is  a  greater  hroudeuing  for  the  L, 
level  in  certain  parts  of  the.  Periodic  System.1** 


The  X.-rr  'ine  A'a,  corresponds  to  an  electron 
transition  from  the  Lm  shell  to  a  vacancy  in  the  K 
shell.  The  “natural”  width  of  this  line  is  made  up  of 
the  widths  for  this  two  levels.  Fig.  11:9  shows  the 
natural  width  of  the  A’a,  line  as  a  function  of  atomic 
number  Z.  Some  of  the  anode  materials  used  in  the 
ESCA  method  an*  indicated  in  the  diagram.  The  dia¬ 
gram  shows  that  the  A'a,  lint!  from  aluminum  is  ap¬ 
proximately  half  an  electron  volt,  i.c.  five  times  sharper 
than,  for  instance,  the,  A'a,  line  from  copper.  This  con¬ 
stitutes  one  of  the  advantages  of  using  aluminum 
radiation  instead  of  copper  radiation.  A  further  advan¬ 
tage  is  that  the  lower  energy  of  aluminum  radiation, 
1.5  keV,  gives  photoelectron  spectra  of  lower  energy. 
These  can  therefore  be,  analysed  with  greater  absolute 
accuracy,  since  the  relative  resolving  power  of  the  elec¬ 
tron  spectrometer  is  constant.  The  large  width  of  the 
Kix,  line  from  the  transition  elements  of  the  fourth 
period  is  combined  with  the.  fact  that  the.  line  is  assym- 
inctrioai  in  this  area. 

The  presence  of  the  A'a2  line  does  not  normally  in¬ 
convenience  the  recording  of  ESC  A  spectra  with,  for 
example,  copper  radiation.  If  this  should  lx;  tho  case, 
however,  it  is  possible  to  utilize  crystal  monoehroinat.i- 
zation  or  to  use  the  Kjf  line,  although  this  line  has  a  con¬ 
siderably  lower  intensity,  or  to  use  an  L  emission  line 
from  some  other  music  material.  The  energy  gap 
between  the  A'a,  and  Xa2  lines  is  given  in  Fig.  11:10 
on  a  logarithmic  scale,  and  we  see  that  it  decreases 
rapidly  at  low  atomic  numbers.  Thus,  if  the  precision  in 
t  he  measurements  needs  to  he  increased  for  levels  with 
low  binding  energies  by  using  lighter  elements  us  the 
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rig.  Inherent  width  of  X-ray  lino  A'a,  venjim  atomic 

number  A.  Homo  of  tho  anode  rnuterinlH  uhoiI  in  tho  E»SCA 
method  arc  ind.oatod  in  tho  diagram. 


Fig.  II :  10.  Energy  separation  in  tho  X-rny  Ku. 
doublet  versus  atomie  number  Z. 


Anode  materia],  the  complication  arisen  that  the  Kxt 
line  cornea  too  near  the  Ktxt  line.  However,  if  lighter  (de¬ 
ments  nuoh  na  aluminum  or  magnesium  arc  chosen,  the 
distance  shrinks  to  such  a  degree  that  the  doublet 
separation  is  comparable  with  the  natural  width  of  the 
Ka.  lines.  Thus,  the  K<x  doublet  can  here  he  considered 
as  one  line,  with  a  width  that  is  approximately  one 
electron  volt.  This  makes  aluminum  and  magnesium 
suitable  as  anode  materials  for  low-energy  ESCA 
spectra. 


A  recorded  profile*  of  the  X-ray  doublet 

in  aluminum  is  seen  in  Fig.  11:11.  It  is  found  to  have  a 
total  width  of  1.1)  cV,  which  is  in  agreement  with  the 
value  to  be  expected  from  the  diagrams  of  line  widths 
and  doublet  separations.  A  graphical  analysis  has 
been  carried  out,  which  shows  the  two  components  to 
huve  an  intensity  ratio  of  2: 1,  as  exacted,  and  a  hulf- 
width  of  approximately  0.7  eV  each. 

*  The  recording  whh  curried  out.  by  Docent  Erik  Norclund 
nt  thin  Institute. 


Fig.  11:11.  Tho  X-ray  Ktit-Ka%  doublet  in  aluminum.  Cor^ectioiiH  have  boon  made  for  tho  spwtromotor  broaden  rugs. 
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111.  BINDING  ENERGIES  OF  ATOMIC  ELECTRONS 


111:1.  Scope 

Knowledge  of  atomic  level  energies  has  previous¬ 
ly  been  baaed  solely  on  the  information  which  can  be 
obtained  from  emission  and  absorption  spectra  in  the 
X-ray  and  optical  region.  In  order  to  determine  the 
levels  for  an  (dement,  it  has  been  necessary  to  first 
select  one  level  ns  reference,  for  light  elements  up  to 
Yj  »  30  usually  the  K.  level,  and  for  heavier  elements  the 
Lm  level.  The  energy  of  the  reference  level  has  been 
obtained  from  the.  relevant  X-ray  absorption  edge. 
The  outer  levels  have  then  been  evaluated  with  the 
help  of  X-ray  omission  data  for  transitions  l>etwe.cn  the 
reference  level  and  the  other  levels.  As  a  result,  the 
uncertainty  in  the  determination  of  the  energies  of  the 


X-ray  absorption  edges  is  relayed  to  each  level  in  the 
element. 

ESCA  provides  a  new  method  for  the  accurate  de¬ 
termination  of  all  levels,  from  the  K  level  to  the 
Fermi  level,  directly  from  the  photooleetron  spectrum. 
Metals,  semiconductors,  and  insulators  may  all  be 
studied.  Wo  have  measured  in  all  ca.  300  levels,  di¬ 
stributed  over  practically  all  the  elements  in  the 
Periodic  System  and  tables  of  electron  binding  ener¬ 
gies,  baaed  on  these  measurements  have  been  pub¬ 
lished.3®1  131  The  table  of  binding  energies  in  Appen¬ 
dix  I  includes  our  most  recent  electron  spectroscopic 
data  and  is  recalculated  with  the  new  values  for  the 
X-ray  emission  lines  published  by  Bearden,116  and 
with  a  wavelength- energy  conversion  factor  of  EX,  ~ 
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Fig.  J 1 1 : 1 .  F.lnotron  linos  from  the  Buhsholls  of  third  |ieriod  dements  (sodium  to  chlorine)  excited  with  magnesium  Ka  radiation. 
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Fig.  111:2.  Kloctron  lincH  from  tho  Ln  and  L1U  HubHhoUa  of  fourth  {joriod  clcinontH  (potaaflium  to  nickel)  excited  with 
ahirninum  A'a  radiation. 
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Fi({.  HI: 3.  Kloctron  linen  from  tho  A/jV  and  Afv  buIihIioIIm  of  fifth  period  elements  (silver  to  iodine)  oxoitod  with  inagnoHiutii  Ka. 
radiation.  In  tho  Hilvor  spectrum  the  electron  lines  excited  with  tho  X-rny  satellites  /Cota, 4  »ro  included. 
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HtilmhellH  of  sixth  jxirirMl  elements  (hafnium  to  bismuth)  excited  with  rnagno- 
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Fig.  Ill:  G-  Atomic  level  onergioM  obtained  from  I  lie  electron 
The  chemical  compounds  from  v.hinh  these  electron  r.j.'cctrs 

(12372.42 0.13)  xu  •  keV.  Many  of  the  levels  for  which 
binding  energies  have  boon  measured  by  the  new 
precision  method  have  not  been  observed  in  X-ray 
absorption  sj>ectra. 

An  illustration  of  the  atomic  level  structure  as  re¬ 
vealed  by  high  resolution  electron  s[>cctrn  is  given  in 
Figure  I :!).  Home  more  examples  are  given  in  Figs. 
Ill;  1-111:4.  Each  ef  these  figures  represents  one  row 
of  elements  in  the  Periodic  Table.  We  have  chosen 
sublevels  in  different  electronic  shells,  from  the  K 
shell  (in  Fig.  1:0)  to  the  N  shell.  Thu  electron  spectra 


Hfmetru  of  Figs.  1:0,  III :  1  111:4,  111:13-111  :  Ifi,  ami  III :  10 
c  obtained  arc  listed  in  Table  I ! ! :  1. 

were  excited  by  magnesium  Ka,  and  in  some  eases  by 
aluminum  K a  radiation.  The  time  used  to  record  an  elec¬ 
tron  line  was  in  no  case  more  than  30  minutes  and  often 
its  little  as  5-10  minutes.  The  line  widths  are  from 
1  to  3  eV,  which  means  that  the  spin-doublets 
M iv, v,  and  NVI  VII  can  be  resolvtd  in  most  casern  The 
energy  of  each  level  can  bo  determine!  from  the  elect¬ 
ron  lines  with  a  precision  of  a  few  tenths  of  an  eV, 
which  is  about  the  same  as  the  inherent  width  of  the 
levels,  as  determined  by  the  uncertainty  relation. 

Ill  Fig.  111:5,  the  energies  of  the  atomic  levels  ob- 
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tained  from  the  electron  spectra  in  Figs.  I : !)  and 
III  1  111:4  are  displayed.  Seventy-eight  atomic  levels 
are  shown  here,  including  the  NIV  v  levels  of  the  ele¬ 
ments  thorium,  uranium,  and  plutonium  in  the  seventh 
period.  These  energies  are.  obtained  from  the  electron 
spectra  shown  in  Section  111:3.  The  chemical  com¬ 
pounds  from  which  the  electron  spectra  were  obtained 
are  listed  in  Table  III:  1. 

We.  shall  now  discuss  in  some  detail  these  and  other 
electron  spectra  from  which  electron  binding  energies 
can  be  obtained. 

Ill:  2.  Light  Elements  (Z  <  30) 

Photoelectric  cross  sections  as  well  as  fluorescence 
yields  decrease  with  decreasing  atomic  number.  How 
ever,  despite  this  decrease  in  the  photoelectric  cross 
section,  the.  electron  spectra  that  we  obtain  from  low- 
Z  elements  are  at  least  as  good  as  those,  obtained  from 
heavier  elements.  The  electron  lines  in  Fig.  1:9  were 
obtained  from  the  very  light  elements  lithium  (Z  3)  to 
fluorine  (Z  9)  of  the  second  row  of  the  Periodic  Table. 
(Samples  containing  these  elements  were  irradiated  with 
aluminum  X-radiation  and  electrons  obtained  by 
photoelectric  conversion  of  Al  Aa  in  the  A'  shell  of  the 
elements  were  recorded.  The  lines  are  narrow  with  a 
halfwidth  less  than  2oV.  The  LiA(AlAa)  and  the 
BeA(AlA'a)  lines  have  a  doublet  structure  which  is 
discussed  in  Section  V :  1 .  The  carbon  line  consists  of 
15  jKjints,  each  with  a  counting  time  of  20  seconds. 
This  line  was  thus  obtained  in  five  minutes.  The 
horizontal  scale  of  Fig.  1 :9  gives  the  electron  binding 
energy,  and  the  line  positions  indicate  the  approximate 
Z2  dependence  of  the  K  level  energy. 

Kiectron  sjKiotra  have  also  been  recorded  for  the  A 
shells  in  light  elements.  X-ray  absorption  spectra  of  the 
A  shells  are  scarce  in  this  region  and  the,  A,  energies 
available  were  mostly  interpolated  values.  Our  electron, 
sjiectroscopio  measurements  showed  that  previously 
accepted  values  for  the  A,  energies  had  to  he  corrected 
by  up  to  fK)  %  in  some  cases  51  A,  electron  lines  of  the 
third  period  elements  sodium  (Z  =  1 1 )  to  chlorine  (Z  = 
17)  are  shown  in  F'ig.  Ill:]  and  the  AnlII  lines  of  the 
name,  elements  are  shown  in  Fig.  Ill  :fi.  In  the  latter 
speetnim,  one  can  see  how  the  A,,nl  levels  begin  to 
apfxiar  as  a  dc  ablet  at  around  Z  —  15. 

At  very  low  Z  values,  i.e.  for  the  second  row  ele¬ 
ments,  the  A,  lubshel)  becomes  broadened  due  to  solid 


Table  III :  I.  Chernicai  compounds  from  which  the 
electron  spectra  in  Figs.  1:  9,  III:  1-4,  III:  13-16,  and 
III:  19  were  obtained. 


Element 

z 

Compound 

Lithium 

3 

Li  evaporated 

Beryllium 

4 

Bo  evaporated 

Boron 

5 

HIM), 

Carbon 

fi 

C  graphite 

Nitrogen 

7 

NttNO, 

Oxygon 

8 

MkO 

Fluorine 

9 

LiF  evaporated 

Sodium 

ii 

NaCl  evaporated 

MagneHium 

12 

MgO 

Aluminum 

13 

Al.O, 

Silicon 

14 

ll.KiO, 

l’hoNphoruH 

15 

NnH.PO, 

Sulfur 

It! 

S  Huhlimod 

Chlorine 

17 

KC1  evaporated 

Potassium 

ill 

KOI  evaporutod 

Calcium 

till 

CaCl, 

Scandium 

21 

Sc,<>3 

Titanium 

22 

TiO, 

Vanadium 

23 

V.O. 

Chromium 

24 

Ks|Cr(CN).] 

ManganoHo 

2b 

K,[Mn(CN),| 

Iron 

26 

K»[F-.((!N),1 

Cohalt 

27 

K,lGu(CN)t] 

Nickel 

2H 

K,[Ni(0N),| 

Hilvcr 

47 

Ag  evaporated 

Cadmium 

48 

<’dCl, 

Indium 

49 

111  evaporated 

Tin 

no 

HnO, 

Antimony 

f>  1 

Sb  evaporated 

Tellurium 

.02 

Te  evaporated 

Iodine 

r>3 

Nal 

Hafnium 

72 

HfO, 

Tantalum 

73 

Tu  lump 

TungHton 

74 

wo. 

Khnimim 

75 

Ho  lump 

Omnium 

70 

Oh  lump 

Iridium 

77 

lr  evaporated 

Platinum 

78 

Pt  evaporated 

Gold 

79 

Au  evaporated 

Mercury 

80 

Hg  on  gold 

Thaiiium 

81 

T1C1 

l»ad 

82 

I’iiCl, 

Biwnulh 

83 

HiO 

Thorium 

90 

Th  evaporated 

Uranium 

92 

XJ  evaporated 

Plutonium 

94 

Pu  oxide 

state  effects.  It  can  still  be  seen  in  the  electron  spectra, 
however,  although  the  uncertainity  in  the  energy  is 
greater  ami  the  intensity  lews  than  in  the  K  shell.  This 
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Fig.  111:0.  Eloctron  linos  from  tho  and  Lm  subaholis  of  third  period  clomonts  (sodium  to  chlorine),  oxoitod  by  MgKa 
radiation. 


is  shown  in  Fig.  Ill: 7  and  Fig.  Ill : 8  for  tho  elements 
oxygen  ( Z  =  8)  and  carbon  (Z  =  (i),  reflectively.  The 
lack  of  definition  becomes  even  larger  for  the  Lnul 
levels  and  is,  of  course,  also  found  in  the  X-ray  emis¬ 
sion  npectra  of  tho  lightest  elements. 

Apart  from  hydrogen  and  helium,  lithium  is  the 
lightest  element.  When  exploring  the  runge  of  elements 
that  can  be  studied  by  KSCA,  we  therefore  tried  to 
excite  electron  spectra  from  lithium  even  before  alu¬ 
minum  and  magnesium  hod  been  used  os  X-ray  anode 
materials.  An  early  lithium  spectrum  excited  by  chro¬ 
mium  radiation  is  shown  in  Fig.  Ilf  :1(.  The  figure  also 
shows  that  the  surface  layer  contains  oxygen,  owing 
to  adsorption  and  "  ddation.  From  this  combination 
of  electron  lines,  .moated  within  a  smull  energy  inter¬ 
val,  it  is  possible  to  obtain  on  accurate  comparison 
between  different  atomic  energy  levels  in  various  ele¬ 
ments  and  shells. 


In  the  transition  elements  of  the  fourth  |>oriod,  the 
L  electron  spectra  can  be  excited  by  soft  X-radiation, 
for  example  AlXcc,  see  Fig.  Ill : 2.  The  K  shell  has  to 
be  studied  with  harder  radiation,  and  CuKa  is  an 
obvious  choice.  In  fact,  the  harder  copper  and  chro¬ 
mium  radiations  have  been  also  used  for  the  />;  sub- 
shell  of  tho  heavier  transition  elements.  The  use  of 
soft  X-radiation  leads  to  a  decrease  in  the  intensity  of 
the  Lt  electron  lines  of  these  elements  relative  to  Llt 
and  Lm  with  increasing  Z.  Tho  A,  level  also  becomes 
increasingly  broadened  with  increasing  Z  (Fig.  Ill :  10). 
An  electron  spectrum  of  tho  three  L  subshells  of  tita¬ 
nium  ( Z  =  ‘22 ),  excited  by  aluminum  Ka,  is  shown  in 
Fig.  111:11  (see  also  Fig.  VII  :2  for  vanadium).  One 
win  see  here  that  tho  Lt  level  ib  considerably  broader 
than  the  Ln  and  Lnl  levels  and  that  the  relative 
photoelectric  yield  in  the  Lx  subshcll  is  quite  low 
(cf.  Chapter  VII). 
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Fig.  Ill :  7.  CornpariHon  of  electron  linen  from  tho  K  and  L\ 
IovcIh  of  oxygon  (in  frozen  acetone).  Tho  electron  distribution 
of  tho  Li  Hub&ltell  is  much  brooder  than  that  of  tho  K  ukioll. 
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Fig.  111:8.  Comparison  of  oloctron  linos  from  tho  K  and  Z/j 
Iovols  of  carbon  in  graphite.  A  similar  broadening  as  in  Fig. 
Ill :  7  is  soon  for  tho  Lj  electron  distribution  in  comparison  with 
tho  K  oloctron  lino. 


Fig.  111:9.  Electron  spectrum  from  lithium  oxido  excited  by 
chromium  X- radiation.  Lithium  and  oxygen  linos  nro  seen  in 
tho  spectrum.  A  comparison  with  Fig.  ?:9  shows  that  tho 
photoelectric  cross  section  in  Li  is  much  largor  for  A 1  Ka  radia¬ 
tion  than  for  CrA’a  radiation,  soo  Appendix  7, 
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Fig.  Ill:  10.  lUilAtivo  half  width  of  tho  /.'(  and  /.[[[  Urn's  of 
tho  elements  chlorino  to  vanadltim  obtained  from  K8CA 
spoctro  oxcitod  by  Al Ka  nuliation.  Width#  wcro  not  cornn-tod 
for  instrumental  broadening  and  width  of  exciting  X -radiation. 

It  is  possible  to  make  a  comparison  of  optical 
transitions  and  electron  spectroscopic  data  for  the  L 
shell  of  light  elements.  In  Fig.  111:12,  we  have  plotted 
the  transition  energies  (open  circles)  of  the  optical 
doublet  2.s2p"  ->■  2iJ2/ir'  z/’(  j  )U)  given  by  Kdlcn 

in  the  Encyclo(gxliu  of  Physics.133  Energies  for  the 
same  transitions  can  Is?  obtained  from  our  electron 
spectroscopic  measurements  as  the  difference  //,  - 
ii,  and  are  plotted  with  crosses.  According  to 
Hertz’  rule  for  screening  doublets'-13,  and  with  the 
assumption  that  the  level  energies  increase  with 
atomic  number  as  '/j1  (see  Section  111:5),  one  would 
expect  a  linear  relationship.  A  slight  deviation  from 
linearity  is  obtained  with  the  electron  spectroscopic 
data.  Similar  departures  from  Hertz’s  rule  have  been 
observed  in  other  25-regions. 21-3,.43  The.  optical  transi¬ 
tions  arc  studied  in  highly  ionized  free  atoms  which 
correspond  more  closely  to  the  idealized  system  far 
which  the  Hertz’s  rule!  is  valid.  The  number  of  elements 
for  which  these  optical  transitions  can  he  obtained 
is  very  limited,  mainly  because  of  t.he  extremely  high 


degrees  of  ionization  that  are  necessary  at  higher  >5 
values.  (The  calcium  lines  have  been  obtained  from 
eleven  times  ionized  calcium.) 

The  plot  of  the  A,  Lu  and  A,  Lm  energy  differ¬ 
ences  (filled  circles)  obtained  from  previously  accepted 
values  for  the  level  energies39-131  illustrates  the  vast 
improvement  obtainable  by  measuring  the.  L  energies 
of  the  light  elements  by  electron  s|>octrosoopy. 

We  have,  also  made  quantum  mechanical  self-con¬ 
sistent-field  calculations  of  electron  binding  energies 
in  the  light  elements.  This  will  be  discusses!  further  in 
Section  111:9  and  Appendix  2. 

Ill : 3.  Heavy  Elements  (Z>70) 

The  electron  spectroscopic  method  for  measuring 
binding  energies  of  atomic  electrons  can  be  employed 
equally  well  for  heavy  elements.  One.  is,  of  course. 
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Fig.  111:11.  Electron  lines  from  tho  1.  Hubsholls  of  titanium 
oxcitod  by  alumimuu  Au  radiation. 
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Fig.  Ill:  12.  Comparison  of  optical  transitions  and  electron  «|KxtroMcn|iic  data  for  thn  L  aliall  of  light  dements.  Knorgy  iliffe 
re  none  from  KSCA  measurements31-3*  are  plotted  with  crosses,  optical  data1**  with  open  circles,  and  previously  accepted 
values31-13*  for  the  L  lovol  energies  with  filled  circles. 


limited  to  some  extent  by  the  anode  materials  that 
can  be  used  in  the  X-ray  tube.  As  one  approaches  the 
region  of  very  heavy  elements,  there  is  no  characteristic 
X-radiation  that  can  conveniently  he  used  for  pro¬ 
ducing  photoelcctrons  from  the  K  shell.  This  does  not 
mean,  however,  that  electron  spectra  from  heavy 
elements  are  poor.  On  the  contrary,  there  are  many 
Hubshclls  outside  the  K  shell  from  which  photo-  and 
Auger  electrons  can  be  obtained.  Fig.  111:13  and  Fig. 
111:14  show  electron  lines  from  the  L,  M,  N,  and  O 
shells  of  thorium  (X  IK))  and  Fig.  111:15  shows  the 
eorres|Ktnding  sjiectrum  from  urunium  2).  The 

atomic  levels  that  are.  mnpi>cd  out  by  these  spectra 
have  binding  energies  from  17,000  cV  down  to  zero 
binding  energy  at  the  Fermi  level.  By  using  different 
X-radiations  for  different  shells,  it  is  possible  to  cover 
the  whole  energy  region  und  at  the  same  time  work 


with  a  high  resolution.  However,  at  the  time  when  the 
uranium  spectrum  was  recorded19  wc  had  not  yet 
made  use  of  Al  and  Mg  radiation  so  the  electron  lines 
from  the  outer  N  subshells  shown  in  Fig.  111:15  are 
not  as  well  resolved  as  they  could  he.  Better  resolution 
was  obtained  in  the  spectrum  shown  in  Fig.  111:16 
which  was  recorded  more  recently.  AlA'a  was  used  for 
exciting  this  si>eetrum  which  displays  the  structure 
of  the  levels  of  uranium  in  considerable  detail  down 
to  400  eV  below  the  Fermi  level. 

Another  example  of  high  resolution  electron  sfieetra 
in  the  heavy  element  region  was  given  in  Fig.  111:4 
for  the  Nvl  V1I  levels  of  the  elements  hafnium  (Z  72) 
to  bismuth  (Z  ~  83).  The  energy  separations  of  these 
two  levels,  obtained  from  the  sfiectra  in  Fig.  111:4, 
are  plotted  in  Fig.  111:17  as  a  function  of  atomic 
number.  The  Z*  de|iendencc  of  a  spin-doublet,  pro- 
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Kij$.  111:14.  Kloctran  spoctruin 
from  thorium41  oxcitod  by  CrKci 
radiation. 
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dieted  by  the  Dirac-Soiimierfeid  t.)if'>ry13&-1:*6  (nee. 
Section  III : />),  gives  a  alight,  curvature  to  the  graph. 
A  more  detailed  comparison  of  the  experimental  data 
with  the  ])irac-i> irnmerfeld  theory  ean  lie  made,  which 
yields  the  screening  constant  for  the  A'v,  vn  suhshells. 


Thin  has  been  done  for  several  spin-doublets  in  various 
regions  of  the  Periodic  System  a1, 31,43 

The  0,|  ,,,  and  JVv,  VJI  subshells  of  the  elements 
in  the  sixth  period  have  similar  energies,  The  0  levels 
of  the  first  elements  in  the  period  have  the  highest 
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Fig.  111:17.  Energy  .^'pamtioii  of  the  A’VJ  utul  A’VII  levels  of  «ixth  period  elomontn.  The  KOpuration  vuluen  me  obtained  from 
tho  electron  npoetnnn  shown  in  Fig.  111:4. 
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Fig.  HI:  IS.  binding  nnergien  of  NVIj  mid  Oti t  ele^troim  for 
sixth  period  olementH. 


binding  energy,  but.  at  the  end  of  the  period  the 
situation  is  reversed.  It  is  difficult  to  establish  the 
positions  of  these  levels  from  X-ray  spectra  and  the 
G>tl|  level  was  therefore  measured  by  electron  spectro¬ 
scopy  in  addition  to  the  N  levels  shown  in  Fig.  111:4. 
An  energy  versus  Z  plot  of  the  0lu  and  Nvu  levels  as 
obtained  from  these  measurements  is  shown  in  Fig 
III  :  1H. 

The  quantity  of  material  that  is  required  for  ENOA 
is  very  small  (see  Section  V:f!)  and  is  less  than  that 
normally  required  for  X-ray  spectroscopy.  Hceause 
of  this,  and  also  from  the  radiation  protection  point.  of 
view,  the  transuranie  elements  can  be  more  con¬ 
veniently  studied  by  electron  spectroscopy  than  by 
X-ray  spectroscopy.  Much  work  remains  to  be  done 
in  this  region  and  so  far  only  the  elements  neptunium 
(7j  (Cl),137  plutonium  (Z  !)4)r'7  and  americium  (Z  - 

tl5),a"  have  been  studied.  Fig.  111:1!)  shows  some  elec¬ 
tron  lines  obtained  from  a  plutonium  oxide  sample 
made  by  electroplating  plutonium  on  a  platinum  foil. 
The  amount  of  material  that  was  deposited  in  this 
way  was  about  1  /<g.  Cu  /  «,  and  (T  Kat  radiations  were 
used  to  excite  the  plutonium  lines;  the  use  of  softei 
X -radiation  available  with  our  present  apparatus 
would  improve  the  spectra,  considerably. 
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Fig.  111:19.  Electron  lines  from  the  M  ami  N  shells  of  Fu.  Tho  Humph.  consisted  of  plutonium  oxide,67 
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Fig.  111:20.  Electron  spectrum  from  argon.  An  argon  sample  wan  inado  hy  loading  a  metallic  foil  with  argon  ions  accelerated  in 
h  gaseous  discharge.  See  also  Fig.  I:  26, 
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Fig.  111:21.  101«*<*tron  Hpoetrum  from  xonon.  Tho  Hiunplo  whh  nm<lo  by  tho  j>rorculuro  dfHcribud  in  Fig.  Ill  '.20. 


Ill  :4.  Noble  Gases 


III  :!>.  Rare  Earths 


I’hotooleetron  spectra  fn-m  gaseous  samples  arc. 
difficult  to  produce  hy  X  ’ays,  and  the  noble  gases 
cannot  easily  no  studied  by  the  Fveziug  technique.  To 
prepare  sources  from  the  noble  gases  we  saturated  t  he 
surface  of  a  metallic  foil  with  noble  gas  nouns  in  a  gas¬ 
eous  discharge.  This  was  accomplished  by  making  the 
foil  the  negative  electrode  on  which  the  noble  gas  ions 
of  the  discharge  were  collected.  Fig.  111:110  and  Fig. 
Ill  :  21  show  electron  spectra  of  the  noble  gas  elements 
argon  and  xenon,  obtained  from  sources  prepared  in 
this  way.  Naturally,  the  amount  of  gas  deposited  on 
the  hacking  was  very  small.  Nevertheless,  electron 
spectra  of  high  quality  could  lie  obtained. 

From  ar,,on,  electron  lines  from  the  A' ,Llt  and  Lu  i„ 
shells  were  obtained.  In  the  investigation  of  xenon, 
recordings  were  made  of  the  five  M  levels  pi  ns  the  Nt 
level.  The  binding  energies  in  xenon  vary  from  ca. 
1150  eV  for  the  Hf,  level  down  to  ca.  200  eV  for  the 
level.  These  are  only  preliminary  results  from  our 
studies  on  gases  by  the  KS(JA  method,  of.  Chapter  1 
and  V 1 1 1 . 


For  a  long  time  the  X-ray  transition  energies  and 
atomic  level  energies  of  the  rare  earth  elements  were 
much  less  accurately  known  t  han  for  most  other  ele¬ 
ments.  This  gap  in  the  experimental  data  was  partly  fil¬ 
led  when  Bcrgvall1311  made,  precision  measurements  of 
the  A*  lines  of  the  rare  earth  metals,  and  later,  together 
with  llagstnim,  measured  the  L  level  energies  by 
electron  spectroscopy,21  The  instrument  UHed  in  these 
latter  measurements  was  that  described  in  Section 
VI 1 1:2,  and  was  at  the  time  o(>orated  manually.  The 
1  «*sults  are  shown  in  Fig.  111:22  in  which  electron 
lines  from  the  A,  sulmhell  for  the  entire  series  of  rare 
earth  element;’,  are  seen. 

The  Dirac  theory  gives  the  following  expression  for 
the  energy  levels  of  hydrogeme  atoms;1"1 


a;- 


/V/  1 

Hko/i V  n  \j  -I  j 


(SI  units) 


(1) 


For  many-electron  atoms,  the  expression  must  be 
modified  to  take,  into  account  electron  electron  inter¬ 
action.  Soinmerfold111*  did  this  hy  replacing  tho  nuclear 
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Fig.  111:22.  Electron  linens  from  tho  Z/j  HiibtihellH  of  the  rnro  earth  elements.*4 


charge  Z  with  an  effective"  charge  ( Z-il ),  where  d  is  a 
screening  number.  With  the  reduced  mass  of  the  elec¬ 
tron-nucleus  equal  to  the  electron  mass  and  using 
atomic  units,  i.e.  with//  c  -  h  4tti0  - 1 ,  the  binding 
energy  of  an  electron  in  a  many  electron  atom  is  then 
given  by 


(z  df  r  (z  ■</)*«*/  i 

n  V  .  A 


(a.  u.) 


(2) 


Thus  as  a  first  approximation,  the  square  root  of  the 
electron  binding  energy  is  a  linear  function  of  atomic 
number  Z, 

The  square  root  of  the  experimental  electron  binding 
energies  or  X-ray  transition  energies  may  therefore  lie 
conveniently  plotted  against  atomic  number  giving  so- 
called  Moseley  diagrams.1"  'To  obtain  a  more  expanded 
scale  in  such  plots,  Idci"2  subtracted  a  linear  function 
of  the  atomic  number  front  the  square  root  of  tint 
energy.  Such  it  modified  Moseley  diagram  is  shown  in 
Kig.  111,21$  for  the  7,,  energies  of  the  rare  earth  ele¬ 
ments  as  obtained  from  the  electron  spectrum  in  Kig. 
111:22. 

liagstrom55  took  the  fourth  power  term  in  Z  into 
account  bv  repeating  the  piocedurc  once  more,  i.e. 
by  plotting  the  quantity 


thiH  way,  is  shown  in  Fig.  111:24  for  the  Lt  energies  of 
the  rare  earths.  This  diagram  reveals  the  scatter  of  the 
experimental  energies  to  within  a  fraction  of  an  eV, 
although  the  binding  energies  in  question  span  an 
energy  range  of  several  thousand  eV.  The  simplified 
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as  a  function  of  Z,  A  Moseley  diagram,  modified  in 


Fig.  ill:  23.  Modified  Montdey  diagram  for  tin*  L,  energioh  of 
the  rare  earth  element#  a#  obtained  from  the  electron  Hpoe* 
truin  Hhnvvn  in  Fig.  111:22.** 


theory  from  which  the  linear  function  in  the  diagram 
may  be  deduced  cannot  however  be  expected  to  de¬ 
scribe  the  course  in  detail  and  the  scatter  of  experi¬ 
mental  points  is  much  larger  than  the  error  in  the 
measurements.  Lx  energies  obtained  by  Sakcllaridis"3 
from  X-ray  absorption  spectra  are  also  plotted  in  the 
diagram. 

It  is  interesting  to  note  that  the  X-ray  absorption 


method  yields  higher  energies  than  the  electron 
spectroscopic  method  for  the  L,  energies  of  the  rare 
earths.  This  indicates  that  the  (juantity  measured 
is  not  the  same.  The  ,\  ray  absorption  process  is 
limited  by  selection  rules  to  a  much  larger  extent  than 
the  photoelectric  ejection  of  electrons  to  states  in 
the  continuum.  One  should  also  hear  in  mind  that,  the 
electron  binding  energies  are  not  entirely  an  atomic 


Kig.  Kb't’lron  spectrum  from  t Ho 

<‘<>ppcr  K  shell  excited  by  inolyhdomuu 
Ku  radiation.6  The  figure  shows  the  im¬ 
portant  fact  that  electrons  on  their  way 
out  of  the  specimen  lose  energy  in  discrete 
amounts.  Tho  separation  of  the  main 
peaks  in  tho  spectrum  corresponds  to  the 
energy  difference  between  the  Lu  and 
Z/IU  levels  in  molybdenum.  The  KSCA 
spoctruin  thus  gives  information  also  on 
energy  levels  of  tho  X  -ray  anode  material. 


property  blit  to  some  extent  dependent  on  the  chemi¬ 
cal  environment  and  may  differ  for  one  and  the  same 
•dement  in  different  compounds  (see  Section  V :  1 ) . 

In  their  electron  spectroscopic  measurements  of  the 
binding  energies  in  the  L  sulishells  of  the  rare  earths 
Bergvnll  and  Hagstrom21  could  also  make  a  compari¬ 
son  with  the  theoretical  predictions  given  by  Sommer- 
feld,3r>  for  the  Lu  UI  spin-doublet  splitting 


rf)2J‘  -!2  i  2(1  -  a2 

x  (Z  (atomic  units)  (.’{) 

A  quantitative  estimate  of  the  influence  of  the  finite 
nuclear  size  on  the  fine  structure  was  discussed  in 
terms  of  tiie  Christy- Keller"4  correction  to  the  Som- 
meifeld-Dirac135-136  expression.  The  anomalous  mo¬ 
ment  of  the  electron  was  taken  into  account  hy  the 
Bcthe-Longmire  factor."6  One  thus  obtains: 


h'n  K‘l"  \  2aJ 

a2Z3/(aZ)  I  IIZ2  Ca4Z6 


4  VZ2]*  - 12  I  2(1  -c^Z2)1]*! 

*“) 


(atomic  units)  (4) 


III :  6.  Miscellaneous 

As  was  mentioned  previously  electron  binding 
energies  have  been  measured  for  practically  nil  ele¬ 
ments  by  ESCA,  including  some  that  do  not  occur 
naturally.31"'7  see  Fig.  Ill :  1 0  and  Fig.  111:25.  Tho 
first  element  that  we  studied  was  copper  and  Fig. 
Ill :2(i  shows  the  copper  spectrum  that  was  published 
in  our  first  report  in  1957. 8  A  thin  evaporated  layer 
of  copper  was  irradiated  with  an  X-ruy  beam  from  a 
molybdenum  anode.  As  a  result  of  tin;  photoelectric 
absorption  of  the  Aa,  and  Aa2  radiation  from  molyb¬ 
denum  in  the  1\  shell  of  copper,  the  two  electron  lines 
shown  in  the  figure  were  obtained.  The  right-hand  line, 
CuA’(MoA'a,).  corresponds  to  electrons  which  have  been 
ejected  by  the  photoelectric  absorption  of  MoA'oc, ,  and 
the  left-hand  line,  CuA'(MoA'*2),  to  electrons  ejected 
hy  MoA'otj.  The  energy  difference  between  the  two 
lilies  is  exactly  tl.at  expected  from  the  splitting  of  tin) 
molybdenum  Kx  X-ray  doublet,  i.e.  the  energy  dif- 
lerence  between  the  Ln  and  Llu  levels  in  molybde¬ 
num.  Thus,  the  electron  spectrum  also  indicates  tho 
energy  levels  of  the  X-ray  anode  niatcriui.  On  tho 
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ELECTRON  LINES  OF  TUNGSTEN 
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Fig.  111:27.  Kleetron  lines  from  tungsten  r:<.  it  *■<  l  hy  CiiA'u,  radiation.*4  The  energy  analysis  of  tlawi  electrons  wan  performed 
in  tlio  Homiriroalar  homogeneous  fi'-M  speetrograpli  with  photographic  detection.  Tlu>  linos  went  obtained  with  f.lte  track 
counting  teehnique. 


low-energy  side  of  each  line  a  satellite  structure  can 
be  Keen,  labelled  R.K.L.,  derived  from  electrons  which 
nave  lost  energy  nil  their  way  out  of  the  specimen. 
The  important  observation  to  be  made  here  is  that  the 
energy  louses  occur  in  discrete  amounts.  The  position 
of  the  principal  lino  is  therefore  not  affected  by  the 
distribution  of  retarded  electrons.  A  prerequisite  for 
this  is,  of  course,  a  sufficiently  high  resolution  of  tile 
electron  spectrometer. 

It  is  of  interest  to  note  that  even  the  classical  instru¬ 
ment  for  beta-ray  spectroscopy,  namely  the  semi¬ 
circular  homogeneous  field  siwetrograph,  can  be  used 
for  ESCA.*4  An  instrument  of  this  type  is  described  in 
Section  VIII : 3  and  was  used  for  recording  the  tung¬ 
sten  spectrum  in  Fig.  111:27.  Thus  the  detection  of  the 
electrons  was  carried  out  photographically  and  the 
result  was  analysed  by  the  method  of  t  ruck  counting.®5 


Electron  lines  from  all  five  M  subshells  plus  four  N 
subshells  were  obtained  on  the  same  plate. 

Photographic  detection  was  used  by  Robinson  in  his 
early  studies  of  X-ray  produced  electrons.  Howevei, 
the  experimental  techniques  and  equipment  available 
at.  the  time  were  insufficient  to  produce  electron 
H|K*etra  that  could  be  used  for  any  detailed  analysis 
of  atomic  or  molecular  structure.  Fig.  Ill:  28  shows 
an  electron  spectrum  of  gold,  recorded  by  Robinson 
in  1U2.5. 103  Several  subshells  in  the  M  and  N  shells  of 
gold  can  be  identified  in  the  photometric  recording  of 
the  plate  but  the  resolution  is  insufficient  to  distinguish 
all  subshells  and  a  t  rue  line  spectrum  was  not  obtained. 
For  example,  the  Nvl,  Nvn  and  (>  levels  appear  together 
as  a  bump  in  the.  photometric  recording.  The  energy 
difference  between  the  iVVI  and  A'vl,  levels  in  gold  is 
3.7  eV  which  would  correspond  to  a  distance  less  than 
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Ki«.  Ill:  28.  Electron  spectrum  of  gold  recorded  by  Robinson  in  1925.‘«  (Reproduced  by  duo  permission  from  Taylor  &  Francis 
Ltd.,  London),  For  comparison  a  part  of  <i  recently  recorded  spectrum  of  gold  is  shown  to  tl.o  left  in  tl„-  figure.  The  A’vr, 
Nvit  levels  urn  seen  ns  two  completely  resolved  lines  in  this  spectrum  whereas  tlio  AIVI,  Avn  and  O  levels  npponr  togothor  us  a 
hump  in  the  photometric  recording  by  Itobinson  nnd  arc  only  barely  visible  on  the  photographic  plate.  The  energy  distance 
between  tho  two  peaks  AVI  and  Nvn  in  tho  KSCA  spectrum,  to  the  loft  in  the  figure,  would  correspond  to  less  than  0.1  turn 
in  Robinson  s  s[*<etruin.  (Energy  scales  of  photographic  plats:  and  photometric  recording  are  not  the  same.  An  indication  of 
eurroBpondmg  points  iy  mado  in  tho  figuro). 

0.1  mm  in  the  photographic  recordings  made  hy  Uo-  shown.  The  lines  tvro  completely  resolved,  each  liavil.: 

hiitflon.  For  comparison  the  gold  Nv„  Nvu  electron  a  full  width  at  halfmaximum  intensity  of  1.3  oV. 

lines  recorded  with  our  present  day  techniques  arc  also  Several  examples  have  been  given  of  how  electron 


51 


COUNTING  RATE 


Fig.  111:30.  Electron  spectrum  of  fluorine  arid  carbon  excited 
by  copi>or  h  omission  lines.  The  carbon  lines  wore  lists!  for 
energy  calibration  of  the  fluorine  2j>12pt(xP)  Auger  line. 


binding  energies  and  energy  differences  can  be  display¬ 
ed  as  a  function  of  atomic  number.  One  more  sueh 
example  is  given  in  Fig.  111:29  which  shows  the 
M„  -Mv  energy  difference  versus  atomic  number  for 
elements  in  the  fifth  period.  The  M]v  v  spin  doublet 
splitting  of  the  elements  silver  (Z  —  47)  to  iodine 
(Z  —  !t 3)  was  obtained  from  the  photoelcctron  spectra 
in  Fig.  Ill  :3  and  for  krypton  (Z  —  3li)  irom  the  Mi  t)NN 
Auger  spectrum  shown  in  Fig,  1:27.  One  would  not 
anticipate  any  difficulties  in  measuring  the  M[Y  V  levels 
in  the  remaining  elements  Z~ 37  to  Z  40  by  ESCA. 

In  producing  ESCA  spectra,  we  have  utilized  not 
only  the  characteristic  A'a  radiation,  but  also  the  Kf)l  3 
line  and  emission  lines  of  the  L  and  M  series.  This  is 
illustrated  by  the  spectra  shown  in  Figs.  111:9,  111:30, 
and  111:31. 

Great  improvement  was  achieved  by  using  alumi¬ 
num  Ka  radiation  for  the,  production  of  electron 
spectra  in  addition  to  the  harder  molybdenum,  copper, 
etc.  radiations.  One  naturally  looks  for  high  intensity 
X-ray  emission  lines  of  still  lov.c.r  energy  and  smaller 
inherent  width  (cf.  Section  11:5).  Fig.  111:32  shows 
an  electron  spectrum  from  sodium,  obtained  with 
magnesium  Ka  radiation.  The  energy  of  the  magnesium 
Ka  is  1250  cV  and  the  K  photoelectron  line  of  sodium 
then  has  an  energy  of  only  175  c.V.  The.  sodium  K 
binding  energy  can  therefore  be  determined  with  con¬ 
siderable  precision.  The  KL^L-^D)  Auger  line  comes 
out  excellently  in  this  case.  The  production  of  electron 
sjieotru  by  means  of  magnesium  radiation  has  now  be¬ 
come  a  standard  procedure  in  our  work. 

Another  element  with  low  atomic  number  suitable  as 


Fig.  111:31.  Electron  spectrum 
of  <;op|>or  oxc.iUxl  l»y  tungsten 
M  omission  linos. 
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an  X-ray  anode  is  sodium.  At  still  lower  .2- values,  how¬ 
ever,  the  A'a  X-ray  lines  become  broadened  doe  to 
solid  state  effects.  One  does  not,  therefore,  improve  the 
resolution  of  the  electron  spectra  by  utilizing  elements 
in  the  second  row  of  the  Periodic  Table.  If  sodium  is 
to  be.  used  in  the  X-ray  anode,  it  has  to  be  in  the  form 
of  an  alloy  or  a  compound.  We  have  done  some  prelimi¬ 
nary  work  to  produce  a  suitable  X-ray  anode  with  a 
high  sodium  content.  Fig.  Ill:  XI  shows  an  electron 
spectrum  which  was  obtained  with  sodium  Ka.  radia¬ 
tion  from  an  anode  consisting  of  the  alloy  Au2Na, 
which  has  a  melting  point  of  1(KX)U  C.  We  have  also 
used  NaCI  and  NaF  as  anode  materials;  however, 
these  compounds  rapidly  evaporated  from  the  metallic 
base  on  which  they  had  been  deposited. 


Ill: 7.  Basic  Energy  Calibration  of  the 
Electron  Spectra 

The  energy  scale  of  an  electron  sjiectrurn  is  usually 
established  by  comparison  with  an  electron  line  of 
known  energy.  If  the  electron  spectrum  is  recorded  in 
an  iron-free  magnetic  spectrometer,  the  calibration  is 
made  assuming  a  linear  relationship  between  the 
momentum  p  of  the  focussod  electrons  and  the  spectro¬ 
meter  current  I : 

p  k  - 1  (5) 

The  kinetic:  energy  T  corresponding  to  momentum  p 
is  then  obtained  from  the  relation: 

■'  Hl'rJ  >  >] 

where  I£0  is  the  rest  mass  energy  of  the  electron. 

If  the:  8{>c<:trum  is  recorded  in  an  electrostati .• 
«(>ectronieter,  there  is  a  similar  relation  between  the 
kinetic  energy  of  focussed  electrons  and  the  s|H:ctro- 
meter  voltage  U: 

!r"*4+s*yir)  ,7» 

The  term  T/{2E0  1  T)  is  the  relativistic  correction  to 
the  simple  linear  relation  T~kU  which  holds  in  the 
nonrelativistic  limit. 

The  calibration  line  can  ho  obtained  by  accelerating 
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Fig.  Ill  :32.  Electron  spectrum  from  MgA'a  irradiated  sodium 
oxide. 
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Fig.  Ill:  33,  A  K  electron  lino  from  carbon  oxcitod  by  sodium 
(Z  1  \ )  Ka  radiation. 
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Fig.  111:34.  Diagram  for  com¬ 
parison  of  different  rombiimtiona 
of  phofcoolontron  linos  in  order  to 
minimize  th°  weigh  ting,  factor  in 
oq.  (8). 


thermionic  electrons  to  a  well-defined  electric  poten¬ 
tial.  This  requires  an  accurate  measurement  of  the 
accelerating  voltage  and  the  focussing  current  or  volt¬ 
age.  Moreover,  the  electron-optical  properties,  for 
example,  the  effective  source  position,  may  l>e  slightly 
different  for  the  different  sources  used  for  the  calibra¬ 
tion  line  and  the  photoelcctron  or  Auger  lines.  Al¬ 
though  the  method  is  attractive  in  that  the  energies 
are  obtained  directly  in  cV  it  has  no!  yet  been  used 
for  high  precision  measurements.  Instead  flic  calibra¬ 
tion  lines  used  in  /f  ray  spectroscopy  and  atomic, 
electron  spectroscopy  are  related  to  X-ray  spectro¬ 
scopy  measurements  and  are  thus  based  on  the  X-unit. 

An  electron  spectrum,  recorded  in  an  iron-free, 
instrument,  can  lx;  calibrated  in  terms  of  X-ray 
transition  energies  if  the  energy  difference  bet  ween  two 
lines  in  the  sjwctrum  corresponds  to  .> n  X-ray  transi¬ 
tion  of  known  energy.  In  /^-spectroscopic  work,  this  is 
the  ease  when  internal  conversion  lines  from  two 
different  shells  are  recorded  for  the  same  y- transition. 
The  energies  of  the  two  conversion  lines  can  then  lo 
calculated  from  the  known  energy  of  the  X-ruy  transi¬ 
tion  between  the  shells.  This  transition  might  be  for¬ 
bidden  by  selection  rules,  but  often,  esjiecialiy  for 
heavy  elements,  it  can  be  obtained  by  combinations 
of  allowed  transitions.  In  this  wav  several  conversion 
lines  in  the  thorium  B  -I  C  spectrum  were  determined 
by  Siegbahn  and  Kdvarsoti.6  A  slightly  different 
approach  was  made  by  Nordling18  for  calibrating  KSCA 


spectra.  Conversion  of  monochromatic  electromagnetic 
radiation  in  two  different  shells  of  an  element  was  not 
utilized  in  this  cuse.  Instead,  by  using  two  different 
elements  in  the  X-ray  anode,  photoelcctron  lines  due 
to  conversion  of  the  A'a,  radiations  in  the  same  atomic 
shell  were  recorded.  The  energies  of  these  two  photo¬ 
electron  lines  could  bo  deduct'd  from  the  known 
energies  of  the  X-ray  transitions  without,  knowing 
the  electron  binding  energy  or  the  work  function  of  the 
spectrometer  material.  Other  electron  lint's,  used  for 
the  calibrat  ion  of  KSCA  spectra,  have  since  been  relat¬ 
ed  to  these  lint's.  In  the  described  calibration  proce¬ 
dures  it  is  essential  that  the  source  is  made  thin.  This 
precaution  should  lie  undertaken  because  we  have 
found  that  insulating  sources  can  be  charged  (see  Sec¬ 
tion  VI 1 1:  1 )  and  that,  this  effect.  dcqxtnds  on  the  thick¬ 
ness  of  the  source.  For  thin  sources  placed  on  a  con¬ 
ducting  hacking  the.  charging  of  the  source  becomes 
negligibly  small. 

The  relative  accuracy  in  making  a  calibration  from 
the,  known  energy  difference  between  two  electron 
lines  can  be  estimated  from  the  following  nonrelativis- 
tie  relation: 


M/e  A.-  1\  A  at 

fJ\  h/e  +  v  a 


(») 


r]\  and  T._ j  are.  the  kinetic  energies  of  the  two  electron 
lines  (jT|  <Tt),  v  is  tho  corresponding  X-ray  frequency 
or  frequency  difference,  and  a  is  the  ratio  between 
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the  squares  of  the  focussing  currents  for  the  two  elec¬ 
tron  lines  in  a  magnetic  spectrometer  or  the  ratio 
of  the  focussing  voltages  in  an  electrostatic  instru¬ 
ment. 

There  arc  thus  three  sources  of  error,  namely  the 
uncertainty  of  the  fundamental  constant  combination 
hfe,  the  X-ray  data,  and  tile  relative  position  of  the 
two  lines  in  the  electron  spectrum.  The  relative  error 
in  a  is  weighted  by  a  factor  7')/(7,2  — 7'i)  and  the  ex¬ 
perimental  parameters  should  he  chosen  so  as  to  make 
this  factor  small.  It  is  shown  graphically  in  Kig.  111:114 
as  a  function  of  7',  for  several  energy  differences 
(7’j  7',).  Each  combination  of  photoelectron  lines  for 

calibration  purposes  defines  a  point  in  the  diagram 


Fig.  Ill ;  35. «)  Kloctrims  expelled  by  two  different  X-radiations. 
b)  By  accelerating  tbe  electron**  of  lower  energy  by  V ,  v*»lt  and 
retarding  the  electrons  of  higher  energy  by  a  vnltngo  V t,  tlie 
two  linos  can  bo  focussed  at  tho  stone  spent  runnier  field. 
'I’bo  energy  difference  between  tho  two  X-radiations  is  then 
c  ( F ,  |  F,)  oloctron  volt. 


Kig.  111:35.  Two  photoolootron  linns  f»>cussod  by  decoloration 
and  retardation  at  nearly  the  sauio  apoctromotor  current. ** 

and  the  diagram  can  thus  bo  used  as  a  guide  for  com¬ 
paring  different  combinations,  Some  combinations  arc 
plotted  in  Fig.  111:114, 

III : 8.  A  Method  for  Measuring  Atomic 
Energy  Level  Differences  in  Electron  Volt 

The  quantum  energy  of  a  photon  can  he  measured 
in  electron  volt  only  by  converting  the  photon  energy 
into  kinetic  energy  of  a  charged  particle.  Bridging  the 
gap  between  the  microscopic  scale  of  energies  in  terms 
of  X-ray  wavelengths  and  the  macroscopic  scale  of 
energies  to  which  the  electron  volt  is  tied  hits  provided 
a  challenging  problem  over  tin*  years.  The  ESCA 
method  o|*eris  a  new  approach  to  this  problem,  ace 
Eig.  HI  : 35.  Thus  it  is  assumed  that  photocleotroiiH  are 
expelled  from  an  atomic  K  shell  by  two  different 
X-rays  with  photon  energies  hvx  and  hr,  (Kig.  1 1 1 :  Ho  a), 
The  low-ener  y  electron  lino  is  focussed  in  the  spectro¬ 
meter  and  a  potential  is  then  applied  to  the  source  so 
that  the  electrons  are  retarded  before  the.  energy  anal¬ 
ysis.  For  a  certain  value  of  the  retarding  potential  the 
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]'ig .  111:117.  Block  (liiifrrain  of  the.  hii'li  volt-iiuc  supply  foe  absolute."  energy  calibrations  ami  /i/c-ninasuroinontfl. 


high  energy  line  comes  into  focus.  If  this  occurs  af  a 
retarding  voltage  V  the  following  relation  holds: 

A)1,  hv.j  el'  (tl) 

Tile  spectrometer  can  also  lie  set.  to  focus  electrons  of 
energy  somewhere  between  the  two  lines.  These  are 
then  brought  to  focus  by  successively  applying  a  ri  - 
tarding  potential  F,  and  an  accelerating  potential 
such  that  l',  i  I'.j  I'  (Fig.  1 1 1 :  ll.hb).  Inasinuch  as  the 
fre(|Uencies  v,  and  »>,  are  known  from  X  ray  spectro¬ 
scopy,  i:  measurement,  of  the  voltage  V  provides  a 
means  of  determining  the  fundamental  constant  com¬ 
bination  A/e.  This  is  trm  for  conducting  sources  and 
thin  sources  of  noneonduet ing  materials  placed  on  a 
co’idlict’llg  hacking.  For  thick  sources  of  insulating 
materials  we  have  found  that  the  displacements  of  the 
elect  roe  lines  upon  accelerat  ion  or  ret  ardation  may  not 
correspond  to  the  applied  voltage. 

X-rays  are  measured  by  their  wavelengths  rather 
than  by  their  frequencies,  so  that,  when  solving  eq.  (!!) 
for  A/r,  one  shouiti  iniroduee  waveiengiim  /.,  and 
instead  ot  freipieneies  v ,  and  ly 

/■I  and  1 2  are  expressed  in  the  X  unit,  and  A  is  the 
dimensionless  conversion  factor  between  in  A  and  xu. 
Other  quantities  are  given  in  SI  units.  Fig.  Ill.Iftl 
shows  two  electron  lines,  M n A'(('u A'a,)  and  MnA- 
(MciAa,),  that  ar<-  tonisseil  af  approximately  the  same 
ciPTont  in  one  of  our  magnetic  speet rometers.  One  line 
has  been  aeeeli  rat  ed  by  47 1  (i.tl  V  mill  t  ne  ot  her  has  been 
retarded  by  the  same  amount.  These  measurements 
gave  the  value  (12!f7'd.tl  I  I  .fi)  keV  xu  for  t  he  quant  mil 


energy  conversion  factor  (KX.,)  (the  quantity  in  paren¬ 
thesis  in  eq.  (10)),  and  the  value.  (4.  Iliflti  4.  U.OOO(i)  • 
10  Vs  for  A/r.112 

The  ratio  A/r  has  been  determined  by  many  diffe¬ 
rent,  experimental  methods.  The  results  of  these  experi¬ 
ments  have,  however,  always  tended  to  yield  values 
that,  are  inconsistent  with  the  hulk  of  data  on  the 
fundamental  constants.1'1"  This  "A/e  discrepancy”  is 
partly  due  to  the  uncertainty  in  the  wavelength  con¬ 
version  factor.  The  method  that  we  have  developed 
offers  a  direct,  and  high  precision  route,  for  establishing 
atomic  energy-level  differences,  measured  in  the 
elect, ron  volt,  unit  and  without  need  for  introducing 
ally  X-ray  data  or  X-ray  wavelength  conversion 
factors.  Instead  of  t  wo  different.  X  radiations  un¬ 
dergoing  photoelectric  absorption  in  one  and  the, 
same  shell  of  the  target  atoms  one  can  let  X -radiation 
of  one  frequency  undergo  photoelectric  absorption  in 
two  different,  shells.  In  both  eases  one.  produces  two 
pbotoeleefron  lines  for  which  the  energy  difference  is 
kiiii.vii  iii  terms  of  !  he  frequencies  of  X  r  v  transi¬ 
tions  and  measured  in  terms  of  electron  volt. 

The  sector  focussing  electrostatic  instrument  has 
the  great-  advantage,  in  these  investigations  that  the 
ueeelerat ion  of  the  electrons  can  take  place  ill  an  en¬ 
vironment  free  from  magnetic  fields.  Addit  ional  contri¬ 
butions  to  tin  improved  accuracy  include  a  new  con¬ 
struction  of  the  high  tension  generator  and  a  further 
development  of  the  apparatus  for  measuring  the  volt¬ 
age.  This  makes  it.  possible  to  carry  out  an  .Jisolute 
del/  rinination  of  t  he  acceleration  voltage,  (or  icturda- 
thiii  voltage)  with  an  error  which  is  •  10-  It) 

*  Pin  nf  Sl.ig  I  iaigstrcini,  now  tit  (!TII  in  <•<  >nl  i  i 

Pnl-r  l  iinirii  in  t/m  const. ruction  of  tliM  (ifjuijil m-nt . 
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calculation  is  considerably  more  complicated.  Firstly, 
tin;  Finding  energy  is  normally  reform!  to  the  Fermi 
level,  which  implies  that  a  correction  for  the  mostly 
unknown  work  function  of  the  source  material  has  to 
In;  applied  before  a  comparison  with  calculated  atomic 
binding  energies  can  he.  made.  Secondly,  the  neigh¬ 
bouring  atoms  perturb  the  atomic,  orbitals  in  .a  very 
complicated  manner.  Fortunately,  both  these  effects 
are  comparatively  small  for  inner  shells,  with  which 
this  section  is  mainly  concerned,  and,  as  a  first  app¬ 
roximation,  the  calculations  can  he  confined  to  isolated 
atoms  or  ions.  For  a  mi  .re  accurate  comparison  be¬ 
tween  experimental  and  theoretical  values,  however, 
it  is  necessary  to  consider  various  solid  state  effects. 
These  effects  will  he  briefly  discussed  at.  the  end  of 
this  section  and  also  in  connection  with  the  calculation 
(d  "chemical  shifts’’  in  the  binding  energies  in  Section 

V:,‘t. 

In  Sf  IF  met  hods,  t  he  electrons  are  assumed  to  move 
independently  of  each  other  in  flic  average  field  caused 
by  the  nuclei  and  t  ile  other  <  lectrons.  For  free  atoms 
or  ions,  this  field  is  furtl  irinore  usually  assumed  to  he 
spherically  symmetrical.  In  the  simplest.  SHF  method 
(the  Halt. rcc  nicihod),  the  wave  function  for  an  N- 
cloetron  atom  (the  following  rcfcrseip. ally  well  t  o  atoms 
as  to  ions)  is  of  t  he  form 

’/’  -/'.(I O') 

where  </>,  is  a  single-electron  wave  function  including  a 
spin  dependence  (spin-orbital)  and  the  number  in 
parenthesis  represents  the  four  coordinates  of  the 
electron.  The  spin  orbitals  are  then  solutions  of  the 
single-electron  Nehrbdiiiger  equation  (in  atomic,  units)* 

!’  1A,  I  T(r,)|f(l)  /■, </>,(!)  (12) 

and  an*  of  f  lie  form 

'  l’,(r) )',((), <r)X,(o),  (18) 

where  A,  is  the  l.aplaeean  operator  and  other  symbols 
have  their  usual  moaning.  The  potential  ill  cij.  (12) 
becomes 


(14) 

where  /  is  the  nuclear  charge  and  r,  and  r2  t  he  electron- 

*  Atomic*  unit-4  urn  u-wd  hi  lliis  Hrction  umIfmh  itutfil 
ot.H-rwi  f,  i.  r.  r  m  h  ‘into  1,  which  i m j »l i- *■<  (.‘ml  ti  n 
en'Tf'y  mi  if-  (H**.itf-<*  unh,  i*  ill  2  hr  H //  27.21*7  nV. 


nuclear  distances.  The  N  equations  (12)  arc  coupled 
through  the  potential  in  eq.  (14)  and  can  therefore  be 
solved  only  by  iterative  methods. 

The  Hartree  method  does  not  take  into  account  the 
equivalence  of  the  electrons  (exclusion  principle).  In 
the  more  refined  method,  Hartree-Foek  (HF),  anti- 
symmetrized  wave  functions  are  used  (Slater  determi¬ 
nants) 


V’ 


1 

YN! 


*,(1)*i(2)  ■»*,(*') 

^(1)^(2  )...*,(JV) 
^(l)^(2)...^(iV) 


(Ifi) 


The  variational  ]irineiplc  then  leads  to  the  general 
llartree-  Foek  equations 


(>->" 1 

* \<f>,0)<f>,M  ^(l)^(2)jdt>,  1),  (1(») 


where  r)a  is  the  inter-electron  distance.  Here  the  spin- 
orbitals  are  quite  general  and  not.  restricted  to  the 
type  Id).  These  equations  can  at  present,  be  solved 
only  tor  atoms  with  closed  electron  shells.  Atoms  with 
open  shells  are  treated  in  ail  approximative  way, 
assuming  a  spherical  symmetry  as  for  dosed  shells  (‘  re¬ 
stricted"  or  "conventional”  II F).  The  general  HF 
functions  give  by  definition  the  lowest,  energy  of  all 
wave  functions  expressed  ns  a  single  Slater  determi¬ 
nant.  The  conventional  II F  functions  give  the  lowest 
energy  of  ill  similar  fund  ions,  where  the  spin-orbitals 
are  of  | he  form  ill  I  q.  (Id). 

Kvcn  if  (lie  conventional  III1’  method  is  tractable 
for  all  atoms  with  modern  computers,  a  simplified 
method,  called  I lartree- Feck-Slater  (IIFS;,1"  iH  of 
great,  interest.  Here  the  exchange  part  of  eq.  (Hi) 


t  J  rn 


is  approximated  by  a  “localized”  potential  term 


wo 


</-,(•). 


(17) 


where  p(r)  is  the  radial  (lection  density 

( »(*■)  1W-  (!«) 


) 

This  reduces  e<|.  ( 1  (V)  to  the  same  simple  form  an  the 
1 1  ai  t  ree  equation  (12) 


I  i  a,  i  r(/|)j</>, (i )  i,^(i),  (i») 

where 
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The  high  tension  generator  (Fig.  HI: 37)  him  been 
constructed  with  double  feedback  according  to  a 
method  which  is  partly  new.  One  line  feeds  back  the 
slow  variations  via  an  operational  amplifier.  The 
other  is  direct  feedback  of  the  rapid  variations  to  the 
differential  amplifier  of  the  high  tension  generator.  The 
first  gives  the  generator  a  stability  of  <5-  10  8  for  two 
hours,  and  since  the  recording  of  one  electron  line  in 
these  measurements  takes  less  than  30  minutes  this 
stability  is  adequate.  In  addition,  it  is  possible  to  cheek 
and  correct,  the  voltage  continuously  with  an  accuracy 
of  1-  10  8.  This  makes  it  possible  to  determine  the  volt¬ 
age  tsi  better  than  5  •  10  8.  The  other  feedback  reduces 
the  ripple  considerably,  and  the  remainder  is  filtered 
off  as  much  as  possible.  The  ripple  is  approximately 
50 jiV .  1'owever,  this  does  not  affect  the  measurements 
to  any  great  extent,  but  only  produces  a  broadening 
of  the  lines. 

In  order  to  cheek  and  measure  the  voltage  in  absolute 
volts,  a  very  accurate  potential  divider  and  a  series 
of  absolute  calibrated  and  temperature  stabilized 
standard  cells  are  used .  The  pi itential  <li>'  ider  eons'sts  of 
thirty-four  selected  highly  stable  resistors  from  Julie 
Research  Laboratories  Inc.  The  relative  stability  of 
the  resistors  is  better  than  5  •  10  8  per  annum  and 
their  temperature  coefficients  are  •  2  •  10  8  deg  '. 
We  have  measured  all  the  resistors  iu  the  poten¬ 
tial  divider  relative  to  the  first  with  an  accuracy 
of  1  •  10  ",  VVe  have  also  measured  the  temperature 
coefficients  and  found  that  the  temperature  coeffi¬ 
cients  are  •  1.5-  10  8  deg  '. 

The  potential  divider  has  been  constructed  so  that 
a  minimum  of  current  leakage  is  obtained.  It  is 
particularly  mi porta-nt  that  no  corona  discharges 
should  take  place  from  the  resistors,  since  such  dis¬ 
charges  would  cause  an  error  in  the  measurement,  of 
the  voltage. 

Our  standard  cell  unit  consists  of  twelve  standard 
cells.  Four  of  these  (manufactured  by  Weston  Instru¬ 
ment  Div.)  have  been  calibrated  at  N.lJ.S.  (National 
Bureau  of  Standards).  The  accuracy  of  the  calibration 
is  0.(1  •  1(1  8  relative  t,  >  their  reference  unit,  which  forms 
one  of  the  world’s  four  official  voKiig"  standards.  (The 
transport  (roi/i  N  ILS,  to  our  laboratory  took  place 
under  special  control,  so  t  hat  t  he  cells  were  not  subjec¬ 
ted  to  any  thermal  or  vibration, d  shocks).  The  stan¬ 
dard  cells  are  sto-.'d  in  a  box  which  i.i  tcinperatiirc- 
staiiilized  to  within  a  few  thousaiidtlis  of  a  degree.  It 


Fig.  Ill: MH.  TIis  principle  of  vnltngo  measurement  for  “aliao- 
Inte"  energy  eiilitirntions  and  /i/c  meaiiurcincnts. 

is  particularly  important  that  there  should  be  no  tem¬ 
perature  gradient  lictw ,  -n  the  two  electrodes  of  a  stan¬ 
dard  cell.  They  have  therefore  been  jdaeeil  in  a  sjiecial 
metal  block,  and  any  gradient  over  this  can  be.  meas¬ 
ured,  The  remaining  eight  standard  cells  have  been 
calibrated  against  the  four  which  we  obtained  from 

N.B.S. 

In  order  to  compare  the  voltage,  as  measured  by 
the  potential  divider  with  the  absolute  voltage  from 
the.  standard  cells,  a  potentiometer  is  required  which 
can  nii-HHiin'  /<V;  in  this  ease  we  have  used  a  'I  insley 
potentiometer  t  ype  5203  A. 

The  principle  of  the  measurement,  is  shown  in  Fig. 
IIL3K. 

Ill  :9.  Calculation  of  Electron  Binding 
Energies 

Silf-rormisti  nt-jiihl  mrihods 

The  binding  or  ionization  energy  of  an  electron  in  a 
free  atom  or  ion  iN  defined  as  the  work  r<  quired  to 
remove  the  electron  from  its  orbit  to  infinity.  By 
means  of  self-consistent-field  (HCF)  methods14*  160  and 
modern  data  techniques  this  quantity  can  be  calculated 
with  good  accuracy.  I  n  the,  solid  stale  the  corresponding 
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There  art'  two  essential  differences,  imwi  viT.  Firstly,  in 
the  HKS  method,  an  approximate  ramus  ion  for  the 
exchange  effect  in  included  and,  secondly,  the  potential 
in  the  same  for  all  electrons,  which  makes  the  spin- 
orbitals  exactly  orthogonal.  This  method  has  been 
applied  by  Herman  and  Skillman152  to  all  atomic 
ground,  states  in  the  range  Z  -  2  to  /  102. 

The  exchange  correction  (17)  is  derived  by  use  of  a 
frec-eleetron  gas  model1-'1  and  does  not  necessarily 
give  the  "best”  central  potential  fora  particular  atom. 
It,  has  been  shown  by  one  of  us  (l.L.)  that  the  H  KH 
wave  functions  can  be  considerably  improved  by  a 
slight  modification  of  the  Slater  correction51-1’5 
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(21) 


C,  11  and  m  are  here1  adjustable  constants  (equal  to 
unity  in  l-htt  Slater  approximation),  which  are  deter¬ 
mined  by  minimization  of  the  total  energy.  It  will  be 
shown  below,  that  the  wa .  e  functions  obtained  in  this 
way  lire  remarkably  close  to  those  obtained  bv  the 
much  more  involved  HK  method  It  will  also  be  shown 
that  the  parti  meters  need  not  lie  determined  separately 
for  each  element,  degree  of  ionization,  configuration 
etc.,  but,  the  same  combination  may  be  used  over  I  trge 
regions  of  the  Periodic  Table. 

Recently,  Kohn,  Sham,  and  Tong  1 5,1  ■ 154  and  (Jov/an 
if  ill.1*  iia/e  suggested  an  exchange  potential,  equal 
to  two-thirds  of  Slater’s  potential  (i.e.  ('  2/2, 

n  vi  1).  'Phis  modification  represents  a  definite 
improvement  over  the  original  Slater  method,  but  the 
approximation  is  inferior  to  the  optimized  potential 
above  (^1).  This  will  be  illustrated  for  some  typical 
cases  below  (Tables  1 1 1  :2  and  111:4). 

The  optimized  potential  (21)  has  also  a  principle 
intciest  of  its  own,  since,  it  offers  tin-  best  (central) 
approximation  in  terms  of  localized  potential  for  the 
non-loealized  HK- potential,  I /dualized  potentials  are 
partie,  larly  useful  in  solid-stab-  application,  where 
approximations  of  the  Slater  type  are  used  extensively 
at,  present. 

’I’lic  HKS  method  can  also  be  applied  in  relativistic 
S( ' K  ealeiilation,  where  the  Schnslingcr  ecpiatiou  (12) 
is  replaced  by  the  corresponding  l>irae  equation.  Such 
calculations  have  recently  been  performed  by  Libcr- 
.r,  07  1  I  0:1  No-n  A, In  Vrj  Sat  ,SV.  I//,#.,  ,'Vr  IV.  1  "1.  20.  Itn/ir.  ** 


man  and  Wilber150-1'-7  a  Los  Alamos  Scientific  Labora¬ 
tory  and  by  Nestor  rt  al.ls*  at  Oak  Ridge  Na  ional 
Laboratory.  We  have  applied  the  conventional  as 
well  as  the  modified  HKS  method  for  relativistic  calcu¬ 
lations  on  a  large  number  of  atoms,  and  some  results 
are  given  in  the  tables  below  find  in  Appendix  i!.1'4-5'-’-72' 
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Calculation  of  the  total  energy 

The  total  electronic  energy  of  an  atom  described  by 
tbo  wave  function  (IS)  is 


/'/’(atom)  2b<n|/| 1  0 If/ 1  O’, 
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where 
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When  the  spin-orbitals  are  solutions  to  equations  of 
the  type  (HI),  the  total  energy  can  be  written 
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where  /•,  is  the  eigenvalue  in  eq.  (Hi) 


/,  <»|  -JA  I  K(r)|iy  (24) 


Now  the  last  term  in  c<|.  (22)  eaneels  approximately 
half  the  second  term,  and  it,  is  therefore  eonveiiient  to 


write  t  his  equation 
/‘/’(atom)  ^  1 1  I 
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where  i)i  ,  is  a  small  correction 

/>/,  ^  r(/-)|y  i  ^<»;|f/|»7  • 

(it  curlier  applications  of  tho  H  KN  nictnotP  '"' 1,7  the- 

correction  term  JXik,  was  omitted.  As  shown  iu 

i 

Table  111:2  the  correction  is  comparatively  large, 
considerably  larger  than  the  difference  in  the  total 
energy  between  different,  approximations  considered 
here.  Therefore,  any  comparison  between  various 
methods  iH  triciiniiigloHH,  unless  the  energy  is  calculated 


in  the  proper  way. 

The  parameters  iu  cq.  (21)  have  been  determined  iu 
a  mimli-t  of  eases  by  minimizing  the  total  energy 
eah'iilat ,-d  aeeording  to  eq.  (22).  It  has  been  found 
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that  for  practical  purposes  it  is  Kiifficicnl  to  vary  two 
parameters.  In  a  few  eases  all  three  paiamet.-is  have 
been  varied,  hut  the  improvement,  is  very  small.  The 
optimum  values  are  collected  in  Table  111:2.  Some 
values  obtained  in  relativistic  calculations  for  medium- 


heavy  and  heavy 

elements 

are  also  included  in  this 

table.  When  the  values  are 

plotted 

in  a  diagram  (Fig. 

III  :30),  one  sees 

that  they 

fall  in  a  narrow  hand  in  the 

(!  n  plane,  i.e  tin 

tc  is  a  st  rong  corn 

'lation  between  the 

Table  HI  :  2. 

Parameters  of  optimized  potential. 

{ 1‘muinctcrH  < 

ilt  fint-tl  in  < 

■<j.  (21).  Ill  nil  rune*  in  1 ) 

/: 

A  1  ..Til 

r 

NoH-refatiri/ilir 

I  1 

Na 

0.K2 

J .  17 

13 

Al 

0.K4 

1.20 

in 

K 

0.K2 

1.15 

IK 

A 

0.K2 

1. 17 

HI 

K 

0.72 

1 . 0 ! 

21 

Sc 

(1.77 

1.10 

24 

(V 

0.7H 

1.12 

20 

Fit 

0.70 

1.15 

211 

(’ll 

O.Hfi 

1.24 

RvUiUviatir 

r>3 

I 

0.75 

1.10 

HO 

0.75 

1  12 

H4 

1*0 

0.72 

1  .OK 

two  constants,  as  could  be  expected.  The  energy  sur¬ 
face  is  such  that  thi  slope,  is  very  much  si.. .dicr  along 
this  band  than  perpendicular  to  it.  Therefore,  the 
absolute  values  of  tbe  two  parameters  are  not  critical 
as  long  as  a  combination  in  this  band  is  chosen.  It  is 
then  possible  to  find  parameter  sets  which  to  a  good 
approximation  yield  the  optimum  exchange  potential 
over  large  regions.  The  region  Na (Z  1 1 )  to  Kr  (X  30) 
has  been  most  extensively  investigated,  and  it  has 
been  found  that  the  combination 

(!  <1.80,  n  1.15,  w  I  (27  a) 

is  il  good  compromize,  much  better  than  the  combina¬ 
tion  (!  2/3,  v  m  l.  For  heavier  elements  the  in¬ 

vestigation  made  so  far  is  less  complete,  but  the  opti¬ 
mum  values  seem  to  he  grouped  around  the  combina¬ 
tion 

(J  0.75,  n  1.10,  m  I  (271>) 

(see  Table  111:2  and  Fig.  Ill:  30).  Further  cul<  illations 
are  now  in  progress  in  this  region. 

C.ulculntioii  of  hin  lirif’  i  n'T/’irs 

Win  n  an  electron  is  removed  from  its  atomic  orbit, 
„he.  atom  is  (fur  some  time)  left  in  an  excited  state. 
The  finding  energy,  which  in  the  work  done  on  the 
system,  in  then  the  difference  in  energy  after  and  be- 
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Table  II  1:3.  Comparison  between  total  atomic  energies  calculated  by  different  methods.  (Hartrce  units). 


(Wrijjlilnd  average  for  the  ground  cnnfiguruLinii) 


A’ o/i -relativistic  (The  values 

i  in  parenthoHm  art' 

(he  differs. hops  to  the  HI’’  value) 

Atom 

Conv.  HKK 

uneorr. 

Know  ft  a/.167 

Conv.  HKK 

COIT. 

(Of,.  2r») 

Modifies:  HI  S 

HK 

Froi'w1*1 

C  -2/3 
n  -  m  1 

C  -0.8, 

«  -  1.15,  m  -  1 

optimis'd 

potential 

Nn 

100.582 

1G1.7KI 

101837 

101.840 

101.840 

1UI.KOO 

(I.27H) 

(0.070) 

(0.023) 

(0.014) 

(0.014) 

/  \ 

240.27 1 

241.780 

241.848 

241.859 

241.800 

241. S77 

(1.000) 

(0.08H) 

(0.029) 

(0.018) 

(0.017) 

S 

395.380 

307.308 

397.430 

397.450 

397.450 

307.47S 

(2.0113) 

(O.IH) 

(0.043 

(0.023) 

(0.023) 

A 

524.404 

520.089 

520.771 

520.792 

520.793 

r.2li.818 

(-•414) 

(0.1211) 

(0.047) 

(0.020) 

(0.025) 

K 

590.571 

599.027 

599.140 

599.142 

599.144 

r.SHt. !  <15 

(2.594) 

(0.138) 

(0.025) 

(0.023) 

(0.021) 

Ke 

750. H42 

759.580 

759.701 

759.709 

759.709 

750.737 

(2.895) 

(0.157) 

(0.030) 

(0.028) 

(0.028) 

( 'r 

1039.830 

1042.980 

1043.131 

1043.143 

1043.143 

1043,177 

(3.338) 

(0.191) 

(0.040) 

(0.034) 

(0.034) 

He 

1258.041 

1202.070 

1202.239 

1202.254 

1202.254 

1202.202 

(3.051) 

(0.210) 

(0.053) 

(0.038) 

(0.038) 

Cu 

1034.922 

1038.705 

1038.870 

1038.912 

1038.914 

1038.053 

(4.031) 

(0.248) 

(0.083) 

(0.041) 

(0.039) 

JOlut  ir  inf  ic 


Modified  HKK 

C'iiiiv.  HKK  < '..iiv.  HKK - ' - - 

uitrori*.  C'orr.  (J  2/1  f  npliinr/.ed 

Atm*.  Snow  ft  n/.167  (eij.  2a)  n  tn  I  petont ini 


K 

598.931 

001 .385 

001.501 

001.505 

Cu 

1049.474 

1053.193 

1053.197 

1053.100 

(4  a 

1938. 158 

1942.211 

1942.507 

Hr 

2599.82 

2004  73 

2004.97 

2004.99 

Ki 

278.1.40 

2788.82 

In 

5872.92 

5880.48 

5880.49 

JV 

0785.04 

0793.41 

0793.81 

0793.82 

1 

7107.70 

71  15.51 

7 1 1 5.93 

Xr 

7438.00 

7447.05 

vv 

10148.00 

10157.82 

10158.47 

10158.49 

VI 

18427.40 

18437.75 

18438.43 

18438.40 

19042.10 

19052.59 

1 9053.3 1 

1 9053.33“ 

TJ 

20208.40 

20279.08 

20279.82 

29279.33 

Hi 

21 500.30 

21571.94 

r«i 

22220,25 

22237.14 

22237.1)1 

22237.92 

Kii 

23598.97 

23010.78 

23010.79 

i 

28057.88 

28009.70 

28009.71 

Am 

30494.42 

30530.05 

0  Haiti 

er  Km-k  value  in  !  9053. 7ou*.  The  differ* 

■lire  be!  werii 

Ibis  vali H 

•  and  the 

tipi  ifni/.ed  Ill'S 

value  jm  mainly  flue  tu 

iMiineneuI 

errors.  A 

Kinalk-r  integral  ion  wlep  will 

inrreiLKe  the 

fore  the  ionization  process  (the  former,  of  course,  be¬ 
fore  any  transition  takes  place)  If  an  XCF  calculation 
has  been  performed  for  the  ground  state,  the  total 
energy  can  be  calculated  for  that  state  as  described 
above  (<<)  lib).  The  removal  of  one  electron  dots 
not  change  the  field  inside  the  atom  appreciably, 
and  we  t  an  therefore  to  a  first  approximation  assume, 
that  the  spin-orbitals  of  the  other  electrons  remain 
unchanged  during  the  ionization  process  ("frozen” 
orbitals).  The  total  energy  of  an  atom  with  one  electron 
hole  (electron  k  missing)  is  then 

A'(atom  k)  ^  (l!K) 

i  l  k  <■  I 

1 .1  i  * 

and  the  bindii  g  energy 

Ii„(k)  /'/(atom  k)  //(atom)--  <Tj/|i> 

i/Mt/U'/V-  (lib) 

I 

In  the  ^cmTui  1111'  hehomo  thin  ({umitity  ip  (with  rc- 
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H’  S  vnluf'K  hcvituI  t-cntlm  nf  a  Hurtreu  unit.  Iltiwcvt-r,  nil 
HKK  culf-uliit imm  um  made  in  rxucUy  Urn  Maine  way  mid 
therefore  the  fcjitlivf  error  i h  niu<’h  Htnuller, 


Table  III :  4.  Comparison  between  binding 

Non- relativistic 


Atom 

Shell 

Conv.  HFS 
unoorr. 

H  orman - 
Skillman1** 

Conv.  HFS 
coir. 

<oq.  30) 

Modified  HKS 

HF 

Froetto1*1 

C  -  2/3 
n  =  m  1 

a  =  0.8, 

n  -»  1.15,  tn  1  1 

optimized 
potent  in! 

Nu 

Is 

1061.9 

1087.8 

1104.0 

1 100.4 

1009.0 

1101.5 

2d 

64.3 

7 1 .5 

77.4 

75.9 

75.7 

70.1 

2  P 

£3.  •> 

36.6 

42.8 

41.2 

41.0 

41.3 

3* 

r».i4 

4.79 

5.03 

4.97 

4.00 

4.96 

S 

is 

2447.3 

2480.9 

2508.0 

2503.1 

2501.9 

2503.7 

•2s 

224.6 

236.8 

248.1 

244.7 

244.1 

245.2 

2/> 

171.8 

173.9 

185.2 

181.8 

181.1 

182.0 

3* 

20.8 

22.0 

25.6 

24.3 

24.0 

24.0 

3/i 

10.29 

9.86 

1 2-55 

It. OH 

1 1 .52 

11.00 

A 

l.i 

3163.8 

3207.5 

3232.0 

3226.7 

3225.7 

3227.5 

311.1 

324.9 

338.3 

334.5 

334.0 

335.3 

2/i 

247.7 

249.4 

263.8 

259.9 

259.3 

260.4 

3* 

28.7 

31.8 

36.5 

34.9 

34.6 

34.8 

2/i 

14.5 

13.4 

17.4 

10.1 

1 5.9 

10.1 

Fo 

1* 

7017.8 

7083.0 

7117.4 

71 10.6 

711  1.5 

71 12.2 

829.3 

850.1 

873.2 

807.2 

867.9 

807.0 

2/i 

722.2 

720.0 

750.5 

744.4 

745.1 

740.0 

3« 

98.9 

105.7 

J  17.0 

1 13.4 

113.7 

113.5 

3/i 

60.5 

07.0 

78. 1 

74.6 

74.9 

74.0 

3  <t 

13.09 

0.70 

18.74 

15.98 

10.23 

17.01 

7.42 

6.10 

7.03 

7  12 

7.17 

7.03 

(’ll 

id 

8839.4 

8912.1 

8953.5 

8915.1 

8944.3 

8040.7 

2* 

1063.3 

1080.0 

11 10.0 

iioo.o 

1 107.4 

1 110.7 

2/, 

030.0 

043.0 

075.0 

007.7 

900.2 

009.2 

3h 

1 1 7.r. 

126.2 

142.0 

137.0 

135.7 

130.4 

3/i 

77.0 

80.6 

96.0 

91.1 

Hit. 8 

90.5 

3<i 

10.11 

5.24 

17.00 

13.85 

12.79 

13.41 

4/t 

6.03 

5.83 

7.43 

0.87 

0.07 

0.44 

versed  sign)  uncording  to  Koopmans’  theorem  U8  equal 
to  tlie  one-electron  eigenvalue  However,  this  is  not 
the  ease  in  other  approximations  such  as  H  KS.  There 
the  binding  energy  becomes1’' •r’!' 

KW  -v*.  (:«») 

where  drk  is  the  correction  defined  in  eq.  2b.  In  pre¬ 
vious  upplienl  oie:  of  the  lib's  method,  e.g.  by  Het¬ 
man  and  Skillnmnlf’2  and  relativistieally  by  Liberman 
ft  al I6#,  the  correction  due  to  the  nonvalidity  of 
Koopmans’  theorem  was  not  considered.  Wo  have 
found  that  the  agreement  with  the  more  accurate  HI1' 
values  is  considerably  improved  when  this  correction 
is  appbed.  This  is  true  non-rclativistically  (is  well  as 
relativistieally  as  illustrated  in  Table  1 1 1 : 4  above, 
where  the  boding  energies  obtained  by  various  me¬ 


thods  are  compared  for  a  few  typical  eases.72,73,78 
The  very  good  agreement  between  the  optimized  HFS 
and  the  HI*'  methods  for  llg  is  quite  remarkable. 

So  far  it  has  been  assumed  that,  the  spin-orbitals  are 
unchanged  by  the  ionization  process.  This  can  he 
assumed  to  he  a  good  approximation,  if  the  process  is 
very  rapid  compared  to  the.  time  required  for  the  spin- 
orliitals  to  find  their  equilibrium  in  the  new  atomic 
field  (relaxation  time).  In  the  other  case,  where  the 
relaxation  time,  is  comparatively  short,  another  me¬ 
thod  should  he  used.  Then  the  energy  of  the  ionized 
stub!  should  he  calculated  by  use  of  spin-orbitals  in 
equilibrium,  i.e.  a  separate  SCI1'  calculation  for  the 
ionized  state.  We  shall  here  refer  to  this  more  elabo¬ 
rate  method  as  method  It  and  the  conventional  method 
wit  h  atomic  ("frozen”)  spin-orbitals  (eq.  2!1)  as  method 
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energies  calculated  1 

y  different  nu 

■thods  (eV). 

Relativistic. 

Atom  Shell 

Coiiv.  HFS 

um’orr. 

Liberman 
ft  til."* 

Conv.  HFS 

corr. 

(vq.  30) 

Modified 

C  “2/3 
«  m  --  1 

11KS 

optimized 

potential 

UK 

(VniRhaid162 

Hg  1*  1/2 

83403 

83017 

83707 

83704 

83704 

2«  1/2 

14834 

14912 

1 4084 

14980 

14980 

2,,  1/2 

14255 

14205 

14340 

14330 

14330 

2p3/2 

12280 

12310 

12380 

12384 

12384 

3s  1/2 

35311 

3570 

3028 

3023 

3024 

3j,l/2 

3275 

3287 

3342 

3336 

3337 

3/.  3/2 

2837 

2852 

2004 

2898 

2899 

3d  3/2 

23115 

2383 

2438 

2433 

2433 

3rff>/2 

230(1 

2291 

2345 

2340 

2341 

4s  1/2 

788.3 

800.5 

838.7 

834.3 

834.4 

4;,  1/2 

873.0 

082.8 

715.2 

710.8 

710.9 

4,,  3/2 

507.1 

577.7 

007.0 

003.7 

003.7 

4</3/2 

378.2 

370.7 

400.8 

402.0 

402.0 

4d5/2 

358.1 

357. 1 

380.0 

382.4 

382.3 

4  /  5/2 

1 13.3 

97.2 

125.0 

121.8 

121.0 

4/7/2 

108.8 

93.2 

121.0 

1 17.4 

117.2 

r»  1/2 

125.9 

127.5 

142.2 

1 39.5 

138.9 

5;,  1/2 

87.4 

85.6 

00.3 

90.7 

90.3 

r,,,  3/2 

08.2 

08  0 

80.1 

77.7 

77.3 

543/2 

15.88 

10.95 

10.  OK 

17.94 

17.09 

545/2 

13.82 

9.35 

17.52 

15.90 

15.03 

0*  1/2 

9.49 

7.00 

0.78 

9.25 

8.93 

A.  Previously  method  A  him  been  uwxl  almost  ex¬ 
clusively,  hut  we  have  found  that  method  B  gives 
systematically  better  agreement  with  experiments  as 
far  as  inner  electrons  ure  concerned.54,56,72,73,7*  For 
outei  electrons  in  heavy  elements  method  A  seems  to 
yield  somewhat  better  results. ,2,75'7B  This  tendency  is 
quit/'  natural  f  om  a  superficial  [mint  of  view,  since  the 
relaxation  time  should  be  much  shorter  for  inner  elect¬ 
rons  due  to  their  much  higher  “revolution  frequency”. 
However,  further  calculations  are  here  required  before 
any  definite  conclusions  can  be  drawn. 

The  difference  between  the  two  methods  of  calcu¬ 
lating  the  binding  energy  is  illustrated  in  a  simple  way 
hi  Fig.  111:40,  where  the  energy  is  schematically 
drawn  as  n  function  of  a  single-parameter  wave  func¬ 
tion.  The  energy  minimum  represents  the  “true”  wave 
function,  which  iri  this  context  can  lie  assumed  to  he 
the  HF  function.  When  atomic  orbitals  are  used  for 
the  excited  state,  the  energy  minimum  is  not  obtained. 
This  means  that  if  the  orbitals  ere  allowed  to  relax, 
the  energy  is  reduced.  Method  A  should  therefore  give 


larger  binding  energy  than  method  B,  which  has  been 
found  to  he  the  ease,  in  all  numerical  examples  (see 
also  Fig.  Ill  :41).  Itis  furthermore  seen  from  Fig. 111:40 
that  method  A  is  quite  sensitive  to  small  changes  in 
the  wave  function,  unlike  method  B.  This  property 
has  also  been  verified  in  the  numerical  calculations, 
and  some  results  for  ilg  are  shown  iii  Table  Ill  . I  - . 
Therefore,  in  calculating  the  binding  energies  for  inner 
electrons  by  use  of  method  B  it  iH  not  important 
that  the  very  best  wave,  function  is  used.  The  HFS 
and  particularly  the  optimized  H  KS  method  is  quite 
sufficient  for  practical  purposes.  In  other  words,  one 
obtains  better  results  by  using  a  simpler  wave  function 
and  the  more  elaborate  method  B  than  by  using  a 
more  exact  wave  function  and  the  approximative 
method  A.  'Phis  fact  does  not  seem  hi  have  been  ge¬ 
nerally  appreciated  previously. 

Comparison  with  rxprrimrnls 

In  Appendix  2,  a  number  of  calculated  binding 
energies  are  compared  with  the  corresponding  experi- 
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fr'itf.  Ill  :  40.  ( 'oinpurison  of  tin*  two  moUrnd* 
A  n:nl  H  for  calc  ulating  electron  binding 
energies. 


mental  values.  All  theoretical  values  are  obtained  by 
the  previously  described  relativistic  Hartree  Fork  - 
Slater  method  with  optimized  exchange  correction. 
Most,  of  the  experimental  determinations  have,  been 
made,  on  solids  and  the  binding  energy  is  referred  to 
the  Fermi  level.  Since  the  theoretical  calculations  arc 
made  on  free  atoms,  the  zero  level  of  the  energy  scale 
is  at  ii  finite  distance.  Therefore,  the  experimental 
results  have  been  corrected  for  the  work  function. 

From  the  comparison  in  Appendix  '2,  some  systema¬ 
tic  observations  can  be  made.  Method  A  ("frozen” 
orbitals  for  the  ion)  givey  in  most  eases,  particularly 
for  inner  shells,  binding  energies  which  art!  significantly 

-y  i 
100  r 
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X 

'  I  I  I  I  I  I  I  I  _ 

10  20  30  40  60  60  70  BO  2 

log-  II 1 : 4 1 .  The  difference  in  hi  in  ling  energy  for  the  Is  elec, 
iron  of  Heme  eleinenlH  enleiiliif eil  according  to  the  methods 
A  and  it,  respectively. 


too  large.  The  results  in  method  B  (i.elf-consistent 
orbitals  for  the  ion)  are, as  previously  noted,  consistent¬ 
ly  lower  and  for  inner  shells  in  much  better  agreement 
with  experiments.  For  light  elements,  up  to  copper, 
say,  the  discrepancy  between  theory  and  experiment 
is  for  the  hi  shell  at  most  about  1 5  oV  and  considerably 
less  for  other  shells.  For  heavier  elements,  on  Die  ether 
hand,  the  discrepancy  becomes  relatively  larger,  ns 
much  as  600  e.V  or  0.0  %  for  the  K  shell  in  Hg. 

We,  shall  now  try  to  analyze  the  possible  explana¬ 
tions  for  the  residual  discrepancy  between  the  experi¬ 
mental  and  theoretical  binding  energies.  As  previously 
mentioned  method  B  is  very  insensitive  to  changes  in 
the  spin-orbitalH.  Therefore,  the  difference  between 
the  optimized  H  KS  method  used  here  and  the  more 
accurate.  H  K  method  is  quite  negligible,  much  smaller 
than  the  numerical  uncertainties.  There  are  then  two 
l>oH3iblo  sources  of  errors,  namely 

(a)  approximations  in  the  conventional  H  F  method 

for  free  atoms, 

(b)  solid-stats',  effects. 

Table  III:  !>.  Binding  energy  for  the  Is  electron  in 
Hg  (e.V). 


Method  A 

Method  It 

Conventional  11KS 

H301 7 

Optiiniwul  I  IKS 

K37II4 

83(110.7 

I  >ifformino 

D7 

0.3 
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Tin*  approximations  in  the  conventional  HK  method 
are  essentially  the  following 

( 1 )  the  electrons  are  assumed  to  move  independently 
of  each  other,  i.e.  correlations  effects  are  neglected 

(2)  all  electrons  in  the  same  shell  (same  nl  values) 
are  assumed  to  have  the  same  radial  distribution. 
The  correlation  effects  could  he  ex|>ected  to  increase 

with  the  number  of  electrons  and  therefore  one  would 
expect  the  energy  of  the  atomic  state  to  he  reduced 
more  than  the  energy  of  the  ionic  one,  when  correlation 
is  considered.  This  would  consequently  enhance  the 
discrepancy  between  theory  and  experiments. 

For  Hg  the  atomic  state  contains  only  closed  shells, 
and  hence  there  is  no  difference  between  the  general 
and  the  restricted  H  K  methods.  Kor  the  ionic  state 
(e.g.  with  a  K  hole)  on  the  other  hand,  then;  is  an 
appreciable  deviation  from  symmetry.  Hen;  the  general 
or  unrestricted  HK  method  would  lead  to  different 
exchange  potentials  and  consequently  to  different 
radial  distributions  for  electrons  with  “spin-up”  and 
“spin-down”,  respectively.  This  would  reduce  the 
energy  of  the  ionic  state  and  therefore  also  the  binding 
energy.  Whether  this  effect  could  account,  for  most, 
of  the  discrepancy  of  500  eV  between  theory  and  ex¬ 
periment  remains  uncertain  without  quantitative  calcu¬ 
lations.  ('nunHy1'1*  has  recently  suggested  an  “unre¬ 
stricted  Hartrec  Fork -Slater”  method,  which  seems 
appropriate  in  this  ease.  Calculations  of  this  type  for 
Hg  and  other  elements  arc  now  in  progress. 

For  lighter  elements  there  is  prohuhiy  a  competition 
between  the  above-mentioned  effect  due  to  limitations 
of  the  Hartrec  Fork  method  and  solid-state  effects. 


In  a  solid  the  spin-orbitals  differ  from  those  in  a  free 
atom  or  ion  due  to  perturbation  from  the  neighbouring 
atoms  or  ions.  The  effect  on  the  inner  electrons  could 
probably  be  estimated  by  use  of  a  perturbing  potential, 
which  represents  the  crystal  field.  Calculations  of  this 
kind  are  also  in  progress, 

Comparison  between  theoretical  and  exj>erimcntal 
binding  energies  for  the  noble  gases  is  of  special  interest, 
since  these  experiments  arc  performed  on  essentially 
free  atoms.  As  seen  in  Appendix  2,  the  agreement  Isv 
tween  theory  and  experiment  is  not  considerably  bet¬ 
ter  for  these  gases  than  for  surrounding  elements.  From 
this  comparison  one  can  estimate  the  solid-state  effects 
to  be  less  than  5  -10  eV  for  the  inner  shells  in  light  and 
medium  heavy  elements. 

Kor  outer  electrons,  data  arc  in  some  cases  available 
from  KSCA  or  X-ray  measurements  on  solids  as  well 
as  optical  measurements  on  free  atoms.  (In  Appendix  2 
the  optical  results  are  marked  with  d  ).  The  difference 
is  usually  of  the  order  of  2-5  eV,  which  gives  an  idea 
of  the  solid-state  effect  in  the  outer  shells.  In  most  cases 
where  such  a  comparison  can  be  made  the  optical  data 
agree  better  with  the  calculated  values  than  do  the, 
data  obtained  from  solid  sources.  It,  should  be  noted 
that  the  measurements  on  solids  are  in  Apjrendix  2  cor¬ 
rected  for  the  work  function  and  thus  referred  to  the 
same  zero  level  as  the  optical  results.  Therefore,  the 
difference  should,  besides  experimental  uncertainties 
and  uncertainties  in  t  he  work  function,  be  due  mainly 
to  deformation  of  the  atomic  orbitals  in  the  solid 
state  or  to  relaxation  effects. 


65 


IV.  BAND  STRUCTURE  OF  SOLIDS 


Over  the  luHt.  few  years,  much  information  on  the 
hand  structure  of  metals  has  been  obtained  from  photo- 
emission  measurements163  and  from  the  study  of  opti¬ 
cal  properties  in  the  region  extending  from  the  infra¬ 
red  to  the  ultraviolet  region.164  Progress  in  the  field 
has  been  facilitated  by  the  rapidly  growing  computer 
techniques,  and  both  theory  ami  experiment,  have 
developed  at  a  rapid  pace165'167. 

Special  techniques  have  been  developed  for  the  cx- 
[K'rimental  study  of  the  Fermi  surface  of  metals  and 
degenerate  semiconductors.  The  most-  powerful  of 
these  methods  ure  based  on  de  Haas  van  Alpheu 
effect,1611  magneto-acoustic  resonance169  and  cyclotron 
resonance. 170  However,  the  nature  of  the  electronic 
states  throughout  the  hands  and  in  those  deeper  levels 
that  retain  their  atomic  character  cannot  he  evaluated 
by  these  techniques. 

The  photon  energies  of  X-ray  transitions  arc  high 


enough  to  permit  a  study  of  the  entire  band  structure, 
and  X-rays  have  been  used  for  both  emission  and  ab¬ 
sorption  solid-state  spectroscopy.  X-ray  emission  band 
spectra  reflect  the  occupied  electronic staites  and  X-ray 
absorption  spectra  reflect  the.  empty  states.  A  pre¬ 
requisite  for  obtaining  from  X-ray  spectra  any  detailed 
information  on  the  density  of  states  throughout  the 
conduction  and  valence  hands  is  a  small  inherent 
width  of  the  inner  level  in  the  X-ray  transition.  This 
means  that  one  usually  works  in  the  soft  X-ray  region, 
i.e.  with  wavelengths  larger  than  10  A,  with  an  asso¬ 
ciated  increase  in  the  cxjieriincntal  difficulties.  Never¬ 
theless,  X-ray  sjioctroHcopy  has  been  used  with  con¬ 
siderable  success  for  band  structure  studies.117-171 
Klectroinagiictio  radiation  interacts  with  all  bound 
electrons  that  have  binding  energies  less  than  the 
photon  energy  to  give  photoelectric  effect.  Upon  irra¬ 
diation  with  monochromatic  X-rays,  a  solid  sample, 


Fig.  IV:  i.  Klwtrtui  of  NiiCI,  K(‘l,  KID and  KI.  For  wmIiuiii  chlnrido  t-lio  f’fitiro  <d<*Hron  HpiMdriiio  wan  recorded  "roin  tlm 

('ll*  levfl  to  tho  Imnd  rtt riK’t-un*.  All  IuvHk  betwrfii  IDO  <iV  liimling  (mergy  mid  tlio  hVriui  won*  n*«'ord'‘d  m  KCI,  KHr 

mid  KI.  lovH  difi^moiH  of  th<*  foil,*  nlknliru-  nulidrn  urn  givon  i/i  t.ho  figure. 
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emits  phot,! lelcctri hih  with  an  energy  distribution  that 
reveals  not  only  the  atomic  levels  but  also  the  solid 
state  band  structure  below  the  Fermi  level. 

It,  is  therefore  also  of  interest,  to  delineate  KS(!A 
spectra  in  the  region  immediately  below  the  energy  of 
the  exciting  X-radiation.  We  have  recently  made  pre¬ 
liminary  studies  on  some  alkali  halides  (Nad,  KOI, 
KHr,  and  Kl)  from  this  angle.115  Single  crystals  were 
used  and  clean  surfaces,  obtained  by  splitting  the 
crystals,  were  exposed  to  the  X-radiation.  Kleet.ron 
s|>ectra  were,  recorded  from  which  electron  binding 
energies  conic  be  determined  for  all  filled  levels  in 
sodium  chloride.  In  KOI,  KHr,  and  K  I,  all  levels  down 
to  100  eV  binding  energy  were  recorded.  The  electron 
H]>eetra  obtained  in  these  measurements  are  shown 
in  Fig.  I V' :  I .  All  the  levels  shown  in  these  spectra  can 
be  reached  by  MgA’a  and  AlA’a  radiations,  with  the 
exception  of  the  chlorine  A  level  for  which  CrA’ot  was 
utilized.  With  MgA’a  us  the  X-ray  probe  the  spin- 
doublet.  in  chlorine  and  A(,VtV( 

4<fj, in  iodine  could  be  partly  resolved  in  the 
electron  sjiectra.  Of  particular  interest  in  the  present 
context,  is  that,  even  the  most  peripheral  electronic 
states  can  la  studied  without  difficulty.  Thus,  tin; 
valence,  bands  of  all  four  ionic  crystals  are  easily 
identified  in  the  electron  spectra. 

The  valence  hand  of  each  ionic  crystal  was  utilized 
for  the  energy  calibration  of  the  entire  spectrum.  Zero 
binding  energy  was  then  defined  as  the  energy  at  the 
bottom  of  the  conduction  band.  The  high-energy  side 
of  the  valence  band,  corrected  for  estimated  instru¬ 
mental  broadening  and  inherent  width  of  the  X- 
r.niiation,  was  assigned  an  energy  equal  to  the  gap 
widt  h.  The  energy  of  the  forbidden  gap  was  taken  from 
the  literature.2811 

Complete  diagrams  of  the  levels  for  the  four  alkaline 
halides  are  given  in  Fig.  IV':  I,  Of  the  fifty-nine 
energy  levels,  about  one-third  could  be  determined 
from  the  electron  spectra  shown  in  the  figure  Many 
have  previously  been  measured  by  KSCA,  and  the 
remaining  ones  were  calculated  from  X-ray  emission 
data.  None  of  these  should  la  difficult  to  measure  with 
high  precision  in  electron  spectra,  with  the  possible 
except i., n  of  the  iodine  In  level  which  would  require 
an  X-radiation  w  ith  shorter  wavelength  than  we  have 
UHcd  up  to  now. 

Knowledge  of  the  exact,  structure  of  the  levels  in 
ionic  crystals  is  essential  for  the  study  of  different 


electronic  processes  which  occur  when  the  crystals  are 
irradiated  with  monochromatic  ultraviolet  radiation 
or  X-radiation.  Many  attempts  have  been  made  to 
ratal  i.sh  till'  energy  levels  from  X-ray  emission  and 
absorption  speci  ru, 1:10,172  but,  then*  isa  great  need  for 
other  techniques.  The  electron  spectra  shown  in  Fig. 
1 V :  1  indicate  that,  KSCA  may  be  another  valuable, 
tool  in  the  field.  For  example,  KSCA  may  serve  as  a 
guide  for  the  interpretation  of  X-ray  absorption 
spectra  which  often  have  a  complicated  structure. 

In  Chapter  I,  we  showed  an  KSCA  spectrum  of  the 
outer  levels  of  metallic  gold  ( Fig.  1:7).  Cold  belongs  to 
group  Ih  in  the  Periodic  System.  There  are  two  more 
elements  in  this  sub-group,  namely  copper  and  silver. 
'The  electron  configurations  of  the  group  Ih  elements 
are: 

Cu: ...  :}.s2;i?>R:P/l0-i.s 

Ag:  . . ,  4x24p*4(f l04/#fM 

An:  ...  4/14,ritf2r.p\7d'0b.:j 

All  three  elements  are  metals  with  d  and  ,s-  symmetry 
of  the  conduction  band  electrons.  Fig,  IV  :2  and  Fig. 

IV'  .*>  show  the  outei  levels  of  copper  and  silver,  respec¬ 
tively,  recorded  with  AlA’a  iiidiation.  There  arc  no 
sharp  and  intense  /  electron  lines  in  those  spectra, 
as  was  the  case  in  the  gold  sjiectrum  of  Fig,  1:7  (the. 
(the  A’v,  vn  lines).  Instead  we  observe  the  broader 
x  and  p  electron  distributions.  The  height  of  these 
relative  to  the  distribution  of  conduction  electrons  is 
smii Her  in  the  silver  spectrum.  In  gold  only  the  5pm 
distribution  (  (>,,,)  was  observed  and  was  of  even 

h..:s  relative  intensity.  The  conduction  band  in  copper 
is  obtained  as  a  line  of  half-width  2.!i  eV  arid  the. 
conduction  band  of  silver  ns  a  line  with  a  half-width 
of  !!.(>  eV.  The  conduction  hand  of  gold  that,  was  shown 
in  Fig.  1:7  (recorded  with  MgA’a)  has  a  doublet,  struc¬ 
ture  with  a  total  half-width  of  5.5  eV  and  a  distance 
of  2. II  eV  between  the  peaks.  This  structure  is  due  to 
spin-orbit  interaction  in  the.  d  hand. 

The  large  width  observed  for  the  *  and  p  mibshclls 
in  all  three  noble  metals  compared  to  the  4/  levels  of 
gold  cannot,  be  ascribed  to  band  broadening.  A 
more  reasonable  explanation  would  be  that,  the  in¬ 
herent  width  an  increased  due  to  transitions  of  the 
Foster  Kronig  type.128  Much  transitions  cannot  occur 
from  the.  4/  levels  of  gold 

Alloys  of  Hilver  ami  gold  may  be  expected  to  have. 
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COUNTING  RATE 


Cu3p(AIK«u) 


Cu3s(AIK«u) 


Cu3<Ks(AIK«u) 
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Cu3d4s(AIK*3.*> 
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Ki«.  IV:  2.  I  4l<M*tnm  »»|Hirtrum  of  copper  rtH‘«*rdtul  with  aluminum  Ka  radiation.  Tho  3#  lovol  aiul  tho  3 p  spin  doublet  level  are 
uhown.  Tho  "(induction  hand  (3</4 «)  in  obtained  an  ono  lino  of  half  width  2.5  «?V. 


lAg4d5»(AiK«,d|  Kjg.  I V  :  3.  Kloctron  Hpoetrum  of  H'.vor  recorded 

V  r\.  with  aluminum  Ka  radiation.  diatrihutionn 

•  of  4*  and  4;>  electrons  nr**  bioad.  Tho  conduction 

l4^  ^  hand  (4<i/v9>  ap|>o&rH  »«  ono  |H)»k  with  a  half 

,  width  of  3.0  oV. 


*1*1 


Ki«.  IV:4.  Conduction  band  s|>ootra  of  motullic  silver,  the  throe  alloys  Ag,Au,  AgAu,  AgAu,,  mid  metallic  gold  recorded  with 
magnesium  Ka  radiation.  Tile  widths  of  tho  iliatrihutioiiH  change  gradually  from  inotallic  silver  with  two  unresolved  peaks  of 
total  half  width  3.0  oV  to  the  brood  diotrihution  of  inotallic  gold  with  two  nearly  resolved  jmuki*  of  total  half  width  fi.fi  cV 
and  a  distunee  of  2.3  oV  between  tho  (sinks. 


conduction  hand  distributions  that  arc.  intermediate 
hclwccn  those  of  the,  pure  metals.  Hold-silver  alloys 
in  the  projmrtions  3:1,  1:1,  and  1:3  were,  prepared 
by  heating  the  metals  in  an  atmosphere  of  noble 
gas  and  carefully  rocking  the  crucible  containing  the 
melt  to  obtain  a  homogeneous  alloy.  Foils  were 
made  of  the  alloys  and  the  electron  sjieetra  of  the  con¬ 
duction  hands  were  recorded  from  these  and  from 
foils  made,  from  the  pure  metals.  The  five  conduction 
hand  sjiectra  obtained  in  this  way  are  shown  in  Fig. 
IV:4.  The  spectra  were  recorded  with  Mg  Fa  radiation 
and  the  resolution  was  sufficient  to  reveal  the  sub¬ 
structure  in  the  conduction  hand  of  all  five  samples. 
It  is  found  that  the  hand  structures  of  Ag,Ag3Au,AgAu, 


AgAu3,  and  Au  change  gradually  from  the  narrow 
distribution  of  metallic  silver  to  the  comparatively 
broad  distribution  of  metallic  gold.  The  density  of 
d  symmetry  states  in  the  conduction  hand  is  much 
higher  than  the  density  of  ,v  symmetry  states  and  the 
photoelectric  cross  section  is  larger  for  tho  d  electrons. 
The  shape  '  f  the  conduction  band  spectra  are  therefore 
determined  mainly  by  the  d  states.  However,  the 
existence  of  stales  above  the  d  part  of  the  band  is  indi¬ 
cated  by  the  position  of  the  zero  point  for  the  binding 
energy,  which  eorres|H>iids  to  the  Fermi  level  (Section 
11:3).  in  metallic  silver,  the  Fermi  level  is  situated 
several  eV  above  the  d  part  of  the  conduction  band  as 
can  be  seen  in  Fig.  IV:4. 
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V.  KLKCTRON  SPKCTKOSCOPY  FOR  CHKMICAL  ANALYSIS 


V  :  1 .  (’.hoiimuil  Shifts  in  Klcctrim  Spectra 
111  Ghapter  III,  we  discussed  several  examples  of 
electron  speetni  tlmt.  can  lie  ut  ilized  for  a  study  of  the 
electronic  structure  of  atoms,  in  particular  for  pre¬ 
cision  measurements  of  binding  energies  of  the  core 
electrons.  However,  much  evidence  lias  been  obtained 
from  KNGA  spectra  thin,  these  energies  are  not  a  pro¬ 
perty  solely  of  the  atom  hut  also  of  its  eheniieal  en¬ 
vironment.,  i.e.  ol  the  molecular  structure.  The  change 
in  the  charge  distribution  in  the  valence  shell  which 
occurs  when  an  atom  changes  its  valence  state  is  re¬ 
layed  to  all  the  core  electrons  and  revealed  in  the 
electron  spectra.  In  quoting  electron  binding  energies 
of  an  element,  to  within  a  fraction  of  an  eV,  which  is 
|K>ssiblc  from  I1SHA  measurements,  one  therefore  has 
to  Hjieeify  the  chemical  compound  in  which  the  mea¬ 
surements  were  made.  This  is  illustrated  by  the  three 
electron  spectra  of  beryllium,"4  shown  in  Fig.  V:l. 
Metallic  beryllium  was  evaporated  at.  n  pressure  of 
It)  4  torr  onto  an  aluminum  hacking.  The  sample  was 
irradiated  by  Al/i’a  and  photo-emitted  l.v  electrons 
were  studied  in  order  to  determine  the  1.x  electron 
binding  energy  in  beryllium.  The  spectrum  in  Fig. 
Vila  was  then  obtained  which  had  two  lines  of  about 
the  same  Intensity,  and  with  an  energy  separation  of 
(2.!)  I  0.1)  eV.  The  most,  plausible  explanation  for 
the  existence  of  two  lines  instead  of  one  is  that  the 
metal  had  been  oxidized  to  some  extent  and  that  the 
two  Is  lines  in  the  electron  spectrum  correspond  to 
lieryllium  in  metallic  form  amt  in  oxide  form,  respec¬ 
tively.  To  check  this  explanation,  the  sample  was 
heated  in  air  until  it  could  Is-  assumed  that  ell  the 
Ix  ryllium  had  become  oxidized,  and  its  electron  sjieet- 
rnni  was  again  recorded.  This  time  only  one  Is  line 
was  obtained  as  can  be  seen  in  Fig.  V:1 1>.  Its  position 
coincides  v/ith  the  line  of  lower  kinetic  energy  in  Fig. 
Vila,  This  line  should  then  correspond  to  beryllium  in 
oxide  fori::.  Further  evidence  was  obtained  by  making 
a  vacuum  cvftjHiratcd  beryllium  sample  under  the 
action  of  zirconium  as  a  reducing  agent.  This  sample 
yielded  the  electron  spectrum  of  Fig.  V :  I  e.  Although 


both  lines  arc  seen  in  this  spectrum,  the  oxide  line  is 
much  reduced  in  intensity.  In  vi<  w  of  these  experi¬ 
ments  it  seems  safe  to  ascribe  to  metallic  beryllium 
tin'  line  of  higher  kinetic  energy  and  to  beryllium  as 
it. i  oxide  the  lim  of  V.wcr  kinetic  energy.  This  means 
that,  the  higher  state  of  oxidation  corresponds  to  a 
2.!)  cV  higher  binding  energy  for  the  beryllium  lx  core 
electrons. 

If  beryllium  is  instead  bound  to  fluorine  as.iu  HcFj, 
it  is  brought,  to  a  still  higher  state  of  oxidation, 
although  represented  by  the  same  oxidation  number 
(2T)  as  in  HcG.  i’liis  is  due  to  the  extremely  high 
electronegativity  of  fluorine  (see  Appendix  111).  One 
may  thus  expect,  the  electron  lines  from  fluorine  in 
HcF,  to  be  shifted  even  more  than  in  llcO.  This  is 
exemplified  in  Fig,  V  2  which  shows  the  experimen¬ 
tal  line  positions  for  metallic  beryllium,  lieryllium 
oxide,  and  beryllium  fluoride.  As  will  lie  discussed 
later  the  binding  energies  of  the  core  electrons  gene¬ 
rally  increase  with  increasing  state  of  oxidation. 

Chemical  effects  can  lie  seen  not.  only  in  electron  and 
X-ray  sjs'etra  from  the  atomic  core  hut  also  in  the 
decay  of  radioactive  atomic  nuclei.  A  change  ot  valence 
state  has  an  exceedingly  small  effect  on  nuclear  transi¬ 
tions  but  can  lie  observed  as  an  isomeric  shift  in  Moss 
bailer  spectra  or  as  a  small  change  in  the  decay  con¬ 
stant.  The  change  of  the  atomic  Is  wave  function  at. 
the  nucleus  due  to  oxidation  of  beryllium  has  been 
observed  in  this  latter  way.17’ 

The  fact  that-  the  electron  H|>cct.runi  of  an  element  is 
modified  by  the  nature  of  the  attached  atoms  in  the 
molecular  structure  has  obvious  potential  applications 
in  a  inure  refined  qualitative  analysis  We  first  observ¬ 
ed  chemical  shifts  in  the  electron  spectra  of  copper  in 
metallic  form  and  in  its  oxides11  and  Inter  nlso  in  tin 
and  cadmium.17  As  the  cx|icrinicntft)  techniques  were 
develop'd  interest,  became  focussed  on  elements  of 
iiii|Kirtance  in  organic  chemistry.  Special  imjiortanco 
in  then  attached  to  the  element  carbon  and  we  have 
recently  shown  that,  the  electron  spectra  of  carbon  aro 
indeed  modified  by  the  molecular  environment,. 75 
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Kig.  V:  1.  Kloctron  Nprctm  of  horyllium. 

(o)  SpfMtinrii  (»l)tairnwl  from  »,,,,,uun»  uyuponitod  motiillir 
lioryiliuuu 


SHIFTS  IN  BINDING  ENERGY 


I'm.  ;  2.  hire  posit  ions  of  metallic  beryllium.  beryllium  oxido 
ami  beryllium  Ouoride  illustrating  tin;  shift  in  the  1*  level 
energy  of  beryllium  between  the  < 'impounds. 

Fig'.  V:3  shows  elect  mil  spectra  from  the  three  aro¬ 
matic  compounds  1 ,2,4,5- honzcnetetraeurboxy  lie  acid, 
1 .2-hcnzonc<licarlioxylic.  acid,  and  sodium  benzoate. 
All  the  substances  contain  six  carbon  atoms  in  a  ben¬ 
zene  ring,  which  is  substituted  with  a  varying  number 
of  carboxyl  carbons.  I’hoto-  and  Auger  electron  lines 
from  the.  constituent  elements  sodium,  oxygon,  and 
carbon  are  seen  in  the  spectra.  The  counting  rates  are 
high  although  the  elements  all  have  low  atomic 
numbers  and  therefore  small  photoelectric  cross 
se  ttions.  The  line  widths  are  essentially  the.  inherent 
width.'  of  the  atomic  levr-ls.  I  lie  most  stoning  observ¬ 
ation  is  that,  carbon  gives  two  well  separated  lines.  The 
relative  intensities  of  the  lines  arc  about  4 : <5,  2;<>,  and 
1 : IS,  and  it  is  therefore  natural  to  associate  the  two 
lines  with  the  carboxyl  earlion  and  the  benzene  carbon, 
respectively.  A  small  excess  of  intensit  y  ip  the  benzene 

(/>'}  Spectrum  obtained  from  the  hjuiio  sample  alter  being 
being  boated  in  air, 

(r)  Spectrum  obtained  from  vaeuun.  evaporated  beryllium 
under  the  action  of  /.ireonium  as  a  reducing  agent.. 


net  COUNTING  rate 


Fir.  V:3.  Kloctroii  KiMM'trH,  from  l,2,4,G-lxin7.enoU>lracarboxyhe  acid,  ],2-t>cn7,cn<xlicArlH)xylic  acid  and  Bo<liuin  boiirsiato.  Two 
wol)  separated  rarbo.i  1  i now  am  seen  hi  each  sjioctrum  corresponding  to  bonxeno  carbon  and  carboxyl  carbon,  rcHjioctivcly. 


carbon  line  is  accounted  for  by  traces  of  pump  oil 
and  other  impurities  containing  carbon  that  arc  present 
in  the  moderate  vacuum  at  which  the  recordings  were 
made. 

The  fact  that  the  carboxyl  line  has  lower  energy  in 


the  electron  spectrum  is  consistent  with  the  differences 
in  electronegativity  betwoen  the  elements  in  question, 
see  Section  V  :4  and  Appendices  13  and  14.  The  ben- 
Eeno  carbons  arc  bound  to  carbon  and  hydrogen  and 
the  carboxyl  car  Isms  are  Ixnind.  to  carbon  and  oxygen. 
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Oxygon  has  an  electronegativity  that  is  considerably 
higher  than  the  electronegativities  of  curhon  and  hydro¬ 
gen.  Therefore  there  will  be  Iosh  negative  charge  within 
a  certain  atomic  distance  around  the  carbon  nucleus 
in  a  carboxyl  group  than  within  the  same  distance 
around  a  carbon  nucleus  in  the  benzene  ring.  Kiectro- 
static  shielding  of  the,  lx  electron  is  therefore  smaller 
for  the  carboxyl  carbon  and  the  binding  energy  of  the 
lx  electrons  becomes  larger,  as  seen  in  the  electron 
spectrum. 

Fig.  V  :4  snows  carbon  lx  electron  spectra  from  the 
sodium  salts  of  the  first  four  fatty  acids.  In  sodium 
formiato  one  .inly  sees  the  carboxyl  carbon  line  after 
the  line  from  the  carbon  containing  b  yer  that  develops 
on  the  surface  has  been  deducted.  In  the  higher  homo- 
logues,  which  contain  additional  OtI2  groups  a  carbon 
line,  which  : .  shifted  3.5  eV  towards  higher  kinetic 
energy  apiXx.s  with  increasing  intensity.  The  increase 
in  intensity  corresponds  to  the  number  off  additional 
CHj  group  ■  The  fact  that  the  curhon  containing  sur¬ 
face  layer  <■»->  be  corrected  for  indicates  that  it  is  very 
thin  t.nd  i  M-sists  of  only  a  few  molecular  layers.  This 
will  be  dis"  utued  further  in  Sections  V  :(i  and  V  :7  where 
it  will  a':?',  be,  shown  that  a  monomolcculur  layer  of 
steal  .c  t.  ii.1,  which  is  numlter  eighteen  in  the  homo¬ 
logous  series  of  fatty  acids,  absorbs  a  large  fraction  of 
photocic  irons  produced  by  aluminum  radiation. 


V  1.  A  Simple  Model  for  Interpreting  ESCJA 
Shifts 

it  has  already  been  indicated  that  the  chemical 
shifts  of  the  binding  energies  of  core  electrons  can  be. 
explained  by  the  redistribution  of  electric  charge  that 
occurs  in  ]>cripheral  orbitals  when  a  chemical  bond  is 
formed.  The  observed  chemical  shifts  can  be  interpret¬ 
ed  in  terms  of  an  ionic  model10  which  may  be  described 
as  follows. 

The  atomic  valence  electron  orbitals  define  a  spherical 
“valence,  shell”  of  electric  charge  and  the  inner  elect¬ 
rons,  for  instance  the  lx  electrons,  reside,  inside  this 
charged  shell.  If  charge  is  added  to  or  removed 
from  the  valence  shell,  as  is  the  case  when  the  atom  is 
bound  to  other  atoms  in  a  molecule  or  a  crystal,  the 
electrical  potential  inside  the  valence  shell  is  changed. 
If,  for  instance,  q  electronic  charges  arc  removed  from 
the  valence  shell  and  brought  to  infinite  distance  the 
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Fig.  V  :4.  Electron  linos  from  carbon  in  tho  sodium  salts  of  tho 
firnfc  four  fatty  acids.  Tho  carbon  linoe  correspond  to  hydro- 
carton  and  carboxyl  carbon,  respectively. 


fw)tential  energy  of  the  inner  electrons  is  lowered  by 
the  amount  (in  atomic  units  m  —  e  -K  ^4ne9  =  1) 

A  E-lfq  (1) 
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RADIAL  PROBABILITY  DENSITY 


1 


I 


) 


Fig.  V  :!>.  Kiulial  probability  distribution  of  valence  oloelrons  in  carbon  (Z  •-«)  nitrogen  (Z  -•  7).  oxygon  (Z  .x),  i.nlfnr  ( Z  -  III), 
and  plutonium  (Z  -  !I4).  Arrows  indicate  mean  radii. 


where  r  is  the  radius  of  the  valence  shell.  The  binding 
energy  of  an  inner  electron,  i.e.  the  energy  required  to 
transfer  it  to  infinite  distance  from  the  atom  is  then 
increased  by  the  same  amount.  To  calculate  the  energy 
shift  according  to  equation  (1)  we  must  find  a  value 
for  the  valence  shell  radius  r.  Ionic  radii  have  been 
tabulated  for  many  elements174  hut,  these  represent  the 
distances  at  which  the  ions  come  into  contact,  i.e.  the 


A*q  qe  E3'q 


Fig.  V :  0.  l)iat<  ink*  inolooulo  with  ionic  bond.  A  number  (7) 
of  ol octroi  18  iH  trariNfcrml  from  tho  valence  wholl  of  atom  A 
to  tho  valonco  whol!  of  atom  U. 


distances  at  which  the  wave  functions  of  neighlxiuring 
atoms  start  to  overlap,  and  the  repulsive  forces  be¬ 
come  exceedingly  high.  As  a  more  realistic  value  for 
the  valence  shell  radius  in  our  model  we  could  choose 
the  mean  radius  for  the  valence  electron  orbitals  ac¬ 
cording  to  the  wave  functions  of  atomic  electrons.  Fig. 
V  :,r>  shows  the  radial  probability  distribution  of  valence 
electrons  for  the  elements  carbon  (Z  (>),  nitrogen 
(Z  7),  oxygen  (Z  H),  sulfur  (£  1  (i)  and  plutonium 

(Z  !I4).  The  mean  radius  is  in  all  eases  of  the  order 
of  1  A  (1  A  ^2  a.u.)  and  th  e  corresponding  shift  in 
binding  energy  of  inner  electrons  per  unit  charge 
removed  from  the  valence  shell  becomes  A  K 
5  a.u.  ~  Id  rV.  The  observed  shifts  arc  all  smaller  than 
this  and  therefore  correspond  to  a  charge  transfer  of 
less  than  one  unit  in  the  valence  shell.  Used  so  far, 
in  its  simplest  form,  the  model  may  be  described  as 
a  “free-ion”  model. 

We  can  improve  the  free-ion  model  to  take  into 
account  the  fact  that,  valence  electrons  arc  not  trans¬ 
ferred  to  or  from  infinite  distance  when  a  chemical 
bond  is  established.  In  an  ionic  bond  between  two 
atoms  A  and  B,  electrons  are  transferred  from  the 
valence  shell  of  the  atom  A  to  the  valence  shell  of  the 
atom  B,  see  Fig  V:(>.  If  the  interne-b  ar  distance  for 
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DIATOMIC  MOLECULE 
COVALENT  BOND 


COVALENT  bond 
IN  IONIC  MODEL 


Fitf.  V  :7.  Tim  ionic  model  for  ionic  arid  covnlont.  bonds.  Tho  rmlius  r  is  the  mean  rudius  of  tlio  valence  slid!  find  B  represents 
the  fivorngo  distance  i-o  which  cimruo  is  transferred  wiion  n  chemical  bond  is  established.  For  an  ionic  bond  this  is  tlio  inter- 
nuclear  distance.  A  covalent  bond  can  bo  represented  by  a  partial  expansion  of  the  vatonco  shell  to  radius  11 


I 


1 

' 
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the  two  atoms  is  /?,  the  energy  shift  of  the  core  elec-  to  form  a  crystal  one  has  to  calculate  the  Coulomb 
trons  becomes  interaction  of  a  eort;  electron  in  one  atom  with  all  the 

Aft'=  ^ 

and  with  opposite  sign  for  the  two  atoms;  q  is  the  Kf‘-  <2>  ‘H  rnodifi,5d  b>  lho  M“dclun8  «o«Htu.,it  a:,7Q 
number  of  electrons  transferred. 

When  the  ions  A  '  “  and  V  5  are  arranged  in  a  lattice 

<6  —  67)103  Nova  Acta  Heg.  Soc.  >S’c.  Ner  IV.  Vo/.  20.  Impr.  t#/i» 
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l  1  \  ions  in  the  lattice.  This  is  essentially  the  same  problem  as 

r  liP  one  has  in  calculating  the  lattice  cncrgj  of  ionic  crystals. 


I 


(In  ii  morn  general  struct  ure,  a  would  In*  the  contribu¬ 
tion  to  the  Modelling  constant  from  the  particular 
atom  that  one  is  studying.)  Modelling  constants  have 
been  calculated  for  many  different  crystal  structures, 
and  their  values  are  generally  around  1.7  for  diatomic 
crystals  when  based  on  unit  charges  and  referred  to 
the  nearest  neighbour  distance.  Nearest  neighbour 
distances  in  these  structures  are  generally  around  5a. u. 
Thus,  very  roughly,  the  expected  shift  per  degree  of 
ionization,  calculated  from  eq.  (3)  becomes  AW  ft  cV, 
which,  although  smaller  than  the  shift  calculated  from 
eq,  (l),  is  still  of  considerable  magnitude. 

A  third  term,  due  to  electronic  (and  nuclear)  re¬ 
laxation  in  tho  solid,  could  be  lidded  to  eq.  (II).  This 
contribution  to  the  energy  shift  can  he  expressed  in 
terms  of  the  dielectric  constant  and  is  independent  of 
the  charge  </. 

For  higher  states  of  oxidation,  i.e.  when  more  elect¬ 
rons  are  removed  from  the  valence  shell,  the  valence 
shell  should  contract  ( r  decreases).  Thus,  according  to 
our  model  the  shift  per  degree  of  oxidation  should 
increase  as  the  state  of  oxidation  increases. 

As  long  as  the  valence  electrons  do  not  penetrate 
into  the  atomic  core,  the  model  predicts  the  same  shift 
for  nil  core  electrons.  However,  if  there  is  a  penetration 
of  valence  electrons  into  the  core  one  would  expect  to 
find  difft  rent  shifts  for  different  core*  electrons.  Niece 
ESI'  V  spectra  map  out  the  inner  as  well  as  the  outer 
core  levels  one  could  expert  these  spectra  to  yield  in¬ 
formation  also  on  the  electron  configuration  in  the 
valence  shell.  Information  of  this  sort  is  often  needed 
in  Mosslmuer  spectroscopy  for  the  interpretation  of 
isomeric  shifts.176  ESC  A  spectra  and  Mosslmuer  sp(  etra 
thus  complement  each  other  in  this  respect. 

Very  few,  if  any,  crystals  have  pure  ionic  binding. 
Instead,  there  is  a  continuous  range  between  the  co¬ 
valent  and  ionic  limits.  We  can  still  use  our  tonic 
model,  however,  providing  we  estimate  the  amount  of 
ionic  character  of  the  bonds.  Even  for  a  completely 
covalent  bond  there  is  a  redistribution  of  charge,  which 
may  he  accounted  for.  The  transfer  of  electrons  to 
bonding  orbitals  then  corresponds  to  the  transfer  of 
charge  from  the  valence  shell  to  some  other  spherical 
shell,  centered  on  the  atom  of  interest.  The  radius  of 
this  shell  will  he  larger  than  the  radius  r  of  the  valence 
shell  since  electrons  that  move  in  molecular  orbitals 
will  on  the  average  have  a  larger  distance  to  the  parent 
nucleus  than  when  moving  in  the  atomic  orbitals  of  the 


valence  shell.  If  the  larger  sphere  radius  is  K  the  “co¬ 
valent”  shift  is  given  by  eq.  (2),  see  Fig.  V:7.  This 
could,  for  example,  he  the  shift  in  core  electron  binding 
energy  between  an  element  in  the  gaseous  state  and 
in  the  solid  state.  (Zero  potential  energy  in  1  oth  cases 
when  the  electron  is  completely  removed  from  the 
system,  i.e.  at  the  vacuum  level  of  the  solid.) 

The  free  ion  contribution  to  the  chemical  shift, 
which  was  written  as  (I  ;r)q  in  eq.  (3;,  can  bo  calculated 
quantum  mechanically  with  the  same  self-consistent- 
field  method,  developed  by  one  of  us  (I.E.)/’1,55  as 
was  used  for  the  calculation  of  electron  binding 
energies.  The  crystal  energy  contribution,  i.e.  the 
negative  term  in  eq.  (II),  can  he  obtained  from  calcula¬ 
tions  of  Muddling  constants.  However  the  contribu¬ 
tions  to  the  Muddling  constant  from  the  different 
atoms  in  the  unit  cell  are  not.  often  reported  in  the 
literature.  In  the  following  section,  we  shall  describe 
the  more  detailed  calculations  of  the  free-ion  contri¬ 
bution  and  the  crystal  field  contribution.  We  shall 
then  in  Section  V:4  discuss  the  ESCA  shifts  from  the 
chemist’s  standpoint  in  order  to  correlate  the  observed 
shifts  with  such  parameters  as  can  easily  be  derived 
from  simple  structural  concepts. 

V  Calculation  of  Chemical  Shifts  in 
Electron  Binding  Energies 

In  a  pun*  covalent  bond,  an  electron  pair  is  evenly 
distributed  between  two  atoms.  If  the  atoms  have 
different  electronegativities  (see  Appendix  13),  the  bond 
can  lie  regarded  as  partly  ionic,  and  the  electrons  in 
the  bond  have  different  probabilities  of  being  found  in 
t lit*  neighbourhood  of  each  of  the  tv.o  atoms.  As  a 
quantitative  measure  of  this  probability  one  may  use 
an  “effective  eharge”  of  the  atoms,  which  can  he  defined 
as  the  total  charge  within  a  certain  volume  around  the 
nucleus.  Of  course,  it  is  not  possible  to  draw  any  de¬ 
finite.  border-line  between  the  atoms  in  a  molecule,  and 
the  effective  charges  are  therefore  only  crude  measures 
of  the  electron  distribution.  Nevertheless,  as  a  first 
approximation,  this  quantity  has  proved  to  be  a  valu¬ 
able  concept.,  and  it  is  believed  that  it  also  has  some 
significance  in  molecule.*,  with  covalent  bonds.  The 
effect  of  the  electron  distribution  on  the  inner  electrons 
can  presumably  lie  described  adequately  with  such  a 
simple  ionic  model. 

In  the  ionic  model  the  shift  in  the  binding  energy  of 
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the  iniHT  electrons  lms  mainly  two  components  (cf. 
Section  V:2): 

I.  the  “frer-ion  shift”  ami 
11.  the  “crystal-field  shift”. 

The  free-ion  shift  is  defined  as  the  shift  in  binding 
energy  between  a  free,  neutral  atom  and  a  free  ion 
with  a  certain  charge.  The  erystal-fiehl  shift  is  the 
effect  of  the  surrounding  atoms  (ions)  on  the  binding 
energies. 

Calculations  of  fret-ion  shift 

The  free-ioli  shift  can  be  calculated  by  self-con¬ 
sistent-field  methods  in  the  same  way  as  binding 
energies  described  in  Section  111.!*.  It  was  shown  in 
that  section  that  for  inner  electrons  considerably 
better  agreement  between  the  observed  and  calculated 
values  is  obtained  by  the  more  elaborate  method  11, 
where  the  binding  energy  is  calculated  as  the  differ¬ 
ent**  between  the  total  energy  of  two  states,  obtained 
bv  separate  NOF  calculations.  Therefore,  the  chemical 
shifts  are  calculated  by  the  same  method  here,  and 
results  of  the  simpler  method  A  are  only  used  for  com¬ 
parison. 

In  Table  V  :  1  a,  some  different  met  hods  of  calculating 
ionic  shifts  are  compared  in  a  few  typical  eases.  The 
calculation  of  binding  energies  using  method  A  is  de¬ 
pendent,  on  the  approximations  assumed  whereas  with 


Table.  V  :1a.  Comparison  between  different  methods 
of  calculating  ionic  shifts  (Is  level)  (cY),* 
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Table  V :  lb.  Relativist  ie  effect  on  the  ionic  shift 
(Is  level)  (o\T). 


Method  A 

Method  B 

Klemeiit 

i 

non-rol.  red. 

non-rul. 

rt*l. 

S 

1 

2 

12.32  12.3(1 

27.07  27.04 

13.70 

20.  S2 

13,77 

29.89 

method  B  this  is  not  the  ease  to  the  same  extent.  There 
is  furthermore  an  appreciable  difference  between  the 
results  obtained  by  the  two  methods,  e.g.  for  fluorine 
about  4  eV  or  more  than  20  It  is  believed  that  method 
11  is  the  more  accurate  one.  This  comparison  shows  that 
there  is  little  to  he  gained  by  using  a  more  elaborate 
method,  such  as  Hart  rec-Fock,  for  this  type  of  calcula¬ 
tion.  In  method  A,  the  results  are  unreliable  irrespective 
of  the  approximation  and  in  method  B  almost  identical 
results  are  obtained  with  other  approximations,  such 
as  Hart  ice -Fork -Sinter.  In  Table  V  :  1  h,  some  binding 
energies  for  sulfur  obtained  by  various  relativistic  and 
noil-relativist  ie,  methods  are  compared.  This  shows 
that  the  relativistic  effect  is  quite  negligible  for  sulfur. 

Tin*  binding  energies  of  inner  electrons  in  a  free  ion 
depend  not  only  on  the  degree  of  ionization  but  also 
on  the  configuration  of  the  outer  electrons.  It  is,  of 
course,  difficult  to  determine  the  configuration  of  the 
free  ion  that,  in  this  model,  best,  corresponds  to  the 
actual  situation  in  the  molecule.  As  a  first  approxima¬ 
tion,  one  can  use  the  ground-state  configuration  of  the 
ion.  Fortunately,  it  is  found  that  the  choice  of  con¬ 
figuration  is  in  many  eases  not  critical.  If  e.g.  a  3s 
electron  in  sulfur  is  raised  to  the  3 p  state,  the  binding 
energy  of  the  inner  electrons  is  shifted  by  only  0.C  eV, 
compared  with  14  eV  when  the  electron  is  completely 
removed. 

In  most  of  the  elements  investigated  here,  the  bonds 
are  mainly  of  the  sp 1  hybrid  type.  In  order  to  investi¬ 
gate  the  effect  of  such  a  hybridization  on  the  binding 
energies,  the  energies  arc  calculated  for  different  con¬ 
figurations  and  the  results  weighted  in  such  a  way  that 
the  outer  electrons  have  7b  %  p  character  and  2 5  % 
s  character.  As  an  example,  wc  can  take  singly  ionized 
sulfur  X 1 ,  which  has  five  outer  electrons.  By  weigh¬ 
ting  the  configuration  3«23 p3  and  3*'3p4  in  the  propor¬ 
tions  1 :3,  a  configuration  of  sp3  character  (s',2Ep8,7S) 
is  obtained.  Since  the  difference  in  binding  energy 
between  the  different  configurations  is  small  in  this 
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Tahir  1  :2a.  Ionic  shift  in  the  lx  level  (cV). 
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case,  this  simple  method  should  he  sufficient  for  the 
present  purpose. 

However,  for  elements  in  the.  third  period,  the  il 
electrons  are  supposed  to  participate  significantly  in  the 
bonds.  Thus,  for  example,  in  sulfur  compounds,  con¬ 
figurations  of  the  type  d.vWlld2  may  play  an  imjxirtant 
role.177-1"0  Such  hybrids  have  been  found  to  influence 
the  binding  energies  of  the  inner  electrons  much  more 
than  the  sp  hybrid  discussed  above.  When  a  3s  or 
3 p  electron  in  sulfur  is  raised  to  the  3 d  state,  the 
binding  energy  of  the  inner  electrons  is  increased  by 
as  much  ns  3-5  eV,  compared  to  0.6  eV  for  the  3*  —  3 p 
excitation.  The  reason  for  this  is,  of  course,  that  the 
3d  orbital  is  further  removed  from  the  nucleus  than 
the  3 p  orbital.  Consequently,  the  participation  of  d 
electrons  is  a  critical  factor  in  theso  interpretations. 
Now,  the  atomic  3 d  orbitals  arc  too  diffuse  to  take  any 
significant  part  in  the  bonding.  Craig  and  Zauli177 
have  found  thut,  the  sulfur  3d  orbital  in  SF,  contracts 
to  about  one  half  of  the  fret;  atom  size.  Sueti  a  contrac¬ 
tion  evidently  reduces  the  influence  of  d  admixture 
on  the  binding  energy  of  inner  electrons.  This  effect 
can  be  estimated  quantitatively  using  a  slight  modi¬ 
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fication  of  the  SCF  program,  which  was  briefly  de¬ 
scribed  in  connection  with  the  discussion  of  solid- 
state  effects  on  the  binding  energies  in  Section  111  :t). 
If  a  fixed  potential,  representing  the  crystal  field  and 
the  electron  clouds  of  the  neighbouring  atoms,  is 
superimposed  upon  the  SCF  potential,  more  realistic 
orbitals  could  be  obtained.  Such  calculations  are.  now 
in  progress.  At  present  we  shall  treat  the  d  contribu¬ 
tion  in  the  same  approximate  way  ns  the  ,s p  hybridiz¬ 
ation  outlined  above.  In  the  absence  of  more  accurate 
rleserint.ions  of  the  orbitals,  we  may  compensate  for 

i.  %i  1 

the  contraction  of  the  d  orbitals  by  using  a  somewhat 
smaller  admixture  of  atomic  d  orbitals  in  the  bonds 
than  is  expected  on  other  grounds.  Hybrids  of  the 
ap’d  type  then  probably  represent  an  upper  limit  to  d 
orbital  participation.  Again,  the  binding  energies  of 
such  hybrids  are  obtained  by  appropriate  weighting  of 
different  configurations.  Hence  by  weighting  the  con¬ 
figurations  x2p’,  sp5  and  sp4d  of  neutral  sulfur  in  the 
relation  1:— 2:0  a  configuration  of  sp3d  character 
(j'V'd12)  is  obtained. 

Tables  V:2  a-c  give  the  ionic  shifts  in  the  Is,  2s, 
and  2 p  levels,  and  in  the  Ka  radiation  for  certain  ele- 
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Tabic  Ionic  shift-  in  the  2 p  level  (eV). 
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incuts  using  different  methods  of  calculation  and  dif- 

ferent  hybridizations.  The  results  are  illustra^d  in 
Figs.  V:S--V:13.  In  all  eases  modified  Hartree-Fock- 
Hlater  wave  functions  are  used  (see  Section  111:9). 

Calculation  of  crystal  field  shift 

In  the  previous  section  we  have  conr'dered  the  shift 
in  the  binding  energy  of  inner  electrons  when  outer 
electrons  are  excited  or  removed.  The  atom  or  ion  is  in 
these  cases  considered  to  he  free,  i.e.  the  effect  of  sur¬ 
rounding  atoms  is  ignored.  This  means  that  when  the 
atom  is  ionized,  the  electron  is  supposed  to  be  removed 
to  infinity.  In  a  solid,  normally  only  smaller  rearrange¬ 
ments  of  electric  charge,  between  neighbouring  atoms 
take  place.  Therefore,  the  free-ion  shifts  become  much 
larger  than  the  real  shifts  for  reasonable  values  of  the 
effective  charge,  or  reversely  the  charges  deduced 
from  the  experimental  shifts  become  unreasonably 
small,68  The  theoretical  ionic  shifts  arc  of  the  order 
10-20  eV  per  unit  charge  while  the  experimental 
shifts  are  usually  of  the  order  of  5  eV  or  less.  The  reason 
;s,  of  course,  that  the.  neighbouring  atoms  receive 
charge  of  the  opposite  sign,  whieh  counteracts  the,  free- 
ion  shifts.  This  effect  is  qualitatively  described  in 


Table  V  :2d.  Shift  in  A' a  radiation  (eV). 
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Section  V:2.  In  this  section  we  shall  try  to  evaluate 
the.  effect  more  quantitatively. 

As  far  as  inner  electrons  are  concerned,  the  neigh¬ 
bouring  ions  can,  as  a  first  approximation,  be  regarded 
as  point  charges,  since  the  overlap  is  negligibly  small. 
Therefore,  in  order  to  evaluate  the  direct  effect  of  the 
crystal  field  on  the  binding  energy  we  have  only  to 
perform  a  summation  of  potentials  from  point  charges 
similar  to  the  calculation  of  the  crystal  energy  ami 
the  Modelling  constants. 

In  the  -point- charge  model,  the  crystal  potential  at 
the  nucleus  of  atom  t  becomes 

F(  =  2?'ar,.==27.2V9>  volt,  (4) 

t  r<i  i  ri  i 

Tai>k  V  :2c.  Ionic  shifts  for  some  configurations  with 
two  d  electrons  (eV). 
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SULFUR  Is 
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CHLORINE  Is 


Kig.  V:il.  Shift  ill  lfl  level  of  clilorinn  I,iilrulnteil  }»y  use  of  different  mctlHKls  and  different  hybridizations. 


where  qt  is  the  charge.  on  ion  j  and  rlt  is  the  inter-atomic 
distance.  The  total  electrostatic  energy  of  the  crystal 
then  becomes 


«  i  i-  i  r 


11 


27.2V?'^,.V. 


(•r>) 


Crystul  energies  and  Madelung  constants  are  calcu¬ 


lated  for  a  large  mini  tier  of  crystals,  hut  these  data 
;aunot  he  used  to  evaluate  the  individual  potentials 
(eq.  4)  in  the  general  ease.  Therefore,  we  have  made 
a  computer  program  for  evaluating  the  crystal  sums 
above  and  applied  it  to  some  erystals  of  particular 
interest  here. 

There  is  one  specific  difficulty  in  evaluating  the 
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Shift 

eV 


SULFUR 


Fig.  V:10,  Shift  per  unit  charge  in 
the  inner  levels  of  Hiilfur  (calculated, 
hy  use  of  method  U  (no  hybridization). 


crystal  potential,  which  to  Home  extent  is  also  en¬ 
countered  in  the.  calculation  of  the  total  energy.  If  a 
crystal  is  constructed  from  a  unit  coll  possessing  a 
given  dipole  moment,  each  half  of  the,  surface  will 
acquire  charge  of  opposite  sign,  and  the  crystal  as  a 
whole  will  exhibit  a  large!  dipole  moment  (as  illustrated 


in  Fig.  V:14).  This  dipole,  moment  gives  rise  to  an 
electric  field  at  the  center,  which  approaches  a  constant 
value,  as  the  dimensions  of  the  crystal  are  increased. 
Therefore,  one  cannot  avoid  this  problem  by  extending 
the.  summation  over  a  sufficiently  large,  volume.  One 
effect  of  such  a  dipole  is  that  equivalent  atoms  in  dif- 


Fig.  V;  li.  Shift  per  unit  charge  id  the  inner  levels  of  ciiloiinc  calculated  hy  uho  of  method  1$  (no  hybridization). 
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Kig.  V :  1*2,  Shift  in  Kn  radiation  of  Hiilfur  calculated  by  \iho  of  different  methods  will  hyhridimtionH. 

forent  molecules  acquire  quite  different  potentials,  Kor  moment  liut  to  a  less  extent  than  the  potentials  at  the 

each  atom,  however,  the  elimination  converges  and  individual  atoms,  since  the  molecule  is  electrically 

the  effect  is  therefore  not  revealed  if  the  calcula-  neutral  and  therefore  the  positive  and  negative  eon- 

lions  are  restricted  to  one  molecule.  When  a  eell  with  tributions  compensate,  each  other.181 

no  dipole  moment  is  used,  equivalent  atoms  have  the  In  Table  Y  ;4,  we  have  given  the  calculated  poton- 

same  potential.  This  is  illustrated  in  Table  V:3  for  tials  as  well  as  total  electrostatic  energies  for  a  number 

Nu^SOj,  The  total  energy  is  also  affected  by  the  dipole  of  crystals.  The  crystal  structures  are  taken  from 
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CHLORINE  K  o<. 


Wyekoff’s  tables.181  In  all  eases  a  unit  cell  without  di¬ 
pole  moment  is  chosen.  Wood's181  values  for  K,S04,  pre¬ 
sumably  calculated  using  the  dipole  moment  of  the  unit 
cell,  are  also  included  in  tho  table  for  comparison. 


Crystals  of  some  different  nitrogen  comjxmnds  have 
also  been  studied,  but  the  calculations  are  not  yet  com¬ 
plete.  For  tho  nitrites,  it  docs  not  seem  possible  to 
choose  a  unit  cell  without  dipole  moment  owing  to  tho 
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low  symmetry  of  the  nitrite  ion.  Therefore,  the  results 
become  so  uncertain  that  a  comparison  with  experi¬ 
mental  data  is  difficult. 

It  should  be  emphasized  that  most  of  our  results  in 
Table  V  :4  are  only  preliminary,  sine*  owing  to  lack  of 
time  they  have  not  always  been  cross-checked  (by 
use  of  different  unit  cells  etc.)  to  the  extent  that  would 
have  been  desirable. 

The  total  chemical  shift  in  the  binding  energy 
between  a  crystal  and  a  free  atom  can  now  be  calcu¬ 
lated  by  adding  the  ionic  shift  (AEiOD)  and  the  crystal 
field  shift  (AEQ[yll)  with  the  effective  charges  as  para¬ 
meters 

AEMc-AElon  +  A  Emu.  (6) 

(The  value  of  AEcrytl  in  eV  is  equal  to  tin;  crystal  po¬ 
tential  in  volt  given  in  Table  V : 4).  By  fitting  the  cal¬ 
culated  ahift  to  the  experimental  value,  one  can  in 
principle  determine  the  effective  charges.  However, 
the  experimental  values  are  related  to  the  Fermi  level, 
while  the  theoretical  values  arc  related  to  the.  potential 
at  infinity.  Therefore,  cq.  (6)  has  to  be  corrected  for 
the  work  function 

AffoUe  ”  +  AA’crv;>l  -  <f>.  (7) 


Posilivo 

surface 

charge 


charge 

Fig.  V :  14.  A  unit  coll  with  dipolo  moment  leads  to  a  surface 
charge  on  the  crystal. 

A  comparison  between,  for  instance,  the  different 
Bulfates  in  Table  V:4  shows  that  the  potential  on 
corresponding  atoms  may  be  quite  different.  The 


TabU.  V :  3.  Crystal  potentials  in  Na2S03  (volt) 
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Table.  V : 4.  Crystal  potentials  (volt). 
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effective  charges  and  therefore  also  the.  ionic  shifts 
can  ho  assumed  to  be  very  similar  in  these  cases,  and 
consequently  one  would  expect  the  differences  in  the 
crystal  potentials  to  appear  in  the  binding  energies. 
Experimentally,  however,  no  sueh  variations  have  been 
found.  The  experimental  landing  energies  are  the  same 
within  one  electron  volt  in  these  eases.  This  apparent 
discrepancy  could  be  explained  by  variations  in  the 
reference  level,  which  almost  completely  compensates 
for  the  variation  in  the  crystal  potential. 

By  comparing  the  results  for  the  different  sulfates 
in  Table  V:4,  one  finds  that  t  he  potentials  arc  shifted 
by  nearly  the  same  amount  for  all  atoms.  In  other 
words,  the  relative  potentials  are  almost  the  same  for 
all  the.  sulfates.  Therefore,  it.  is  believed  that  the  rela¬ 
tive.  potentials  have  more  physical  significance  than 
the  absolute,  ones.  If  the  calculated  shifts  are  always 
referred  to  the;  potential  at  the.  cation,  the  problem 
with  the  unknown  zero  level  (and  therefore  also  with 
the  work  function)  is  eliminated.  Since  the  experi¬ 
mental  variation  in  the  binding  energy  of  the  cation 
is  small  (usually  less  than  1  eV),  it  need  not  be  con¬ 
sidered  beie,  although,  it  is  easy  to  correct,  for  this 
variation,  if  a  more  accurate  comparison  is  required. 
One  could,  in  principle,  also  use  oxygen  as  a  reference. 
However,  since  the  effective,  charge,  and  therefore  also 
the  ionic  shift,  of  the  oxygens  may  differ  from  com¬ 
pound  to  compound,  it  is  less  suitable  for  this  pur|sme. 

Application  to  sulfur  compounds 

The  most  interesting  sulfur  compound  for  the  pre¬ 
sent  investigation  was  thiosulfate,  which  has  two 
sulfur  atoms  in  different  positions.  The.  difference,  in 
binding  energy  between  these  two  atoms  is  illdciicnd- 
out  of  the  work  function,  and  the  problem  with  the 
reference  level  discussed  above  vanishes.  Figs.  V:li> 
and  V :  Hi  show  the  difference  in  the  ionic,  crystal  and 
total  shifts  for  different  hybridizations  of  the  central 
sulfur.  (The  ligand  sulfur  is  assumed  to  have  a  con¬ 
figuration  of  up*  character.)  In  Fig.  V :  15,  it  is  assumed 
that  the  charges  on  the  ligand  sulfur  and  the.  oxygens 
are.  the  same.  Due  to  the  difference  in  electronegativi¬ 
ty,  the  oxygens  should  be  more  negative,  and  Fig.  V  :  10 
shows  the  corresponding  results  assuming  a  charge 
difference  of  2/3  units.  In  both  figures,  the  experimental 
shift.  (0.0  eV)  is  marked. 

With  no  charge  difference  between  oxygen  and  li¬ 


gand  sulfur  (Fig.  V:15),  sp 3  hybridization  gives  an 
effective,  charge  of  about  1.9  on  the  central  sulfur  and 
about  —1.0  on  the  ligand  sulfur.  The  corresponding 
values  with  sp*d  hybridization  are  1.4  and  — O.Hfi, 
respectively.  With  a  charge  difference  of  2/3  units 
boLween  the  oxygen  and  the  ligand  sulfur,  the  charge 
on  the  central  sulfur  increases  by  about  0.5  un'ts. 

The  effective  charges  obtained  above  are  numerical¬ 
ly  somewhat  larger  than  those  deduced  in  Section 
V:5b.  When  this  comparison  is  made,  the  following 
should  he  remembered,  Firstly,  the  effective  charge, 
cannot  be  exactly  defined  and,  therefore,  the  quantity 
used  here  need  not  be  precisely  the  same  as  that  in 
Section  V  :5  b.  Secondly,  there  arc  appreciable  uncer¬ 
tainties  in  both  estimations.  Figs.  V :  15  and  V :  1 0  show 
clearly  that  the  two  contributions,  the  ionic  arid  the 
crystal  shift,  tend  to  countcracicaeh  other,  which  makes 
the  total  shift  one  order  of  magnitude  smaller  than  the 
main  contributions  taken  separately.  Therefore,  a  rela¬ 
tively  small  error  in  one  of  those  may  affect  the  result 
seriously.  Furthermore,  the  unknown  contributions 
from  d  orbitals  to  the  bonds  makes  an  interpretation 
difficult.  In  spire  of  this,  some  qualitative  conclusions 
can  he  d”aivn.  An  mentioned  previously,  the  atomic  d 
orbitals  used  in  the  calculations  here,  exaggerate  the 
effect  of  the  d  orbitals,  and,  therefore,  it  should  he 
sufficient  to  include  one  d  electron.  It  may  be  deduced 
that  the  effective  charge  n  the  central  sulfur  lies 
between  1.5  and  2.0  and  hence  a  value  considerably 
than  less  1 .5  is  difficult  to  i  xplain  on  these  grounds. 

For  other  sulfur  compounds  with  only  one  sulfur 
atom,  the  comparison  with  exp  ri mental  values  is  more 
difficult.  The  best  way  is  probably  to  use  the  cations 
for  reference  purposes  as  described  previously,  In 
ionic  compounds,  where  the  cation  always  has  the 
same  charge,  this  method  should  he  fairly  reliable. 

In  Na2S203,  the  potential  at  the  central  sulfur  wit  h 
a  charge  of  +2  is  about  - 14  V  relative  to  the  cation. 
In  Na2S03,  the  corresponding  value  iH  19  V  and  in 
Na2S04  —Kilo  17  V.  .'Ixpcriinentally,  the  shifts  in 
these  compounds  are  0.8  eV  and  I  0,5  eV,  respec¬ 
tively,  relative,  to  the  central  sulfur  in  Na3Sz03.  From 
this  one  can  conclude  that  the  effective  charges  on  the 
sulfur  in  sulfate  and  sulfite  should  he  nearly  the  same, 
being  both  somewhat  ’larger  than  on  the  central  sulfur 
in  thiosulfate.  Owing  to  the  uncertainties  involved,  it 
does  not  seem  possible  to  draw  any  more  precise  eon- 
elusions  from  the  available  data. 
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Fig.  V:  15.  Shift  in  2 p  level  botween  the  two  sulfur  atoms  in  N a, «,(),.  No  charge  difference  between  oxygon  anil  ligand  sulfur. 


Application  to  chlorine  compound! 

The  measurements  on  chlorine  compounds  are  baaed 
on  NaCl  (see  Section  V  :4).  Since  the  structure  of  this 
latter  compound  can  be  treated  theoretically  with  some 


accuracy,  a  comparison  with  theory  e>r  be  made.  As 
before  we  use  the  cation  as  reference,  and  the  thoorotical 
shift  for  NaCJO,  and  NaCIO,  relative  to  NaCl  is  as  shown 
in  Fig.  V:17.  Assuming  sp*  hybridization,  this  yields 


I 


;  1 


■I 


!' 


Jl 


88 


Fig.  V:18.  Shift  in  2,,  level  belwoon  the  tvo  sulfur  atoms  in  Na,S,<>,.  Charge  difference  of  2/3  unite  between  oxygon  and 
ligand  sulfur. 


effective  charges  of  1.2  and  1.3,  respectively.  If  the 
possible  contributions  from  d  orbitals  are  considered, 
tne  charges  become  considerably  smaller.  NaCl  is  pre¬ 
sumed  to  be  purely  ionic.  However,  an  admixture  of 
(:K-  10  %  covalent  character  would  change  the  shift 


by  only  a  few  tenths  of  an  eV  and  thus  be  of  little 
consequence  to  the  present  discussion.  Also,  a  mode¬ 
rate  degree  of  covalency  in  the  Na  -  C)04  and  Na— CIO, 
bonds  would  be  unimportant. 
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Fig.  V:17.  Total  shift  in  2 p  level  of  chlorine  in  NttCH),  and  NaC104  relative  to  NaCl.  The  cation  in  used  na  n  refnroncn  in  ; 

tho  calculation.  j 

J 

rente  between  two  inne.r  electron  states,  one  can  as-  j 

sumo  that  tho  crystal  field  has  only  a  small  effect.  ; 

In  the  simple  model  for  the  crystal  field  used  above,  j 

the  energies  of  all  inner  electron  states  are  shifted  by  \ 

the  came  amount,  and  consequently  the  emission  lines 
are  unaffected.  Some  free-ion  shifts  in  tho  Kcr.  radiation 


Interpretation  of  chemical  shifts  in  X-ray  emission  lines 
Chemical  effects  on  the  emission  lines  in  X-ray 
spectra  have  been  studied  for  several  decades  (see 
e.g.  Refs.  105, 100, 120, 183,  282)  and  different  interpre¬ 
tations  have  been  suggested184”188.  Since  the  energy 
of  the  emission  line  is  essentially  the  energy  diffc- 
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are  given  in  Table  V  :2d  and  the  results  for  sulfur 
and  chlorine,  are,  illustrated  in  Figs.  V :  12  and  V:13, 
where  some  experimental  shifts  arc  also  marked.  When 
these,  figures  are  compared  with  Figs,  V:8  and  V  :S), 
showing  the.  corresponding  shifts  in  the  binding  ener¬ 
gies,  one  finds  that  the  shifts  in  the.  emission  lines 
depend  much  more  on  the  method  of  calculation  and 
on  the  assumptions  made  concerning  the  hybridization. 
The  main  reason  for  this  is,  of  course,  that  the  shifts 
in  the.  emission  lines  arc  one  order  of  magnitude  smaller 
than  the  shifts  in  the  binding  energies. 

Assuming  an  sp3  hybridization  for  sulfur,  the  effec¬ 
tive  charges  for  SOij  ,  SO;  ,  and  S20'i  (central 
atom)  are  in  the  range  1.7  —2.0  and  for  the  ligand  sul¬ 
fur  in  SjO'a  about  -  0.5  (see  Fig.  V .  12).  These  values 
are  in  good  agreement  with  those  obtained  from  the. 
shifts  in  the  binding  energies  above.  With  sp3d  hybridi¬ 
zation  the.  calculations  of  effective  charge  do  not  give 
reasonable  values. 

Qualitatively,  the  same  results  are  obtained  for 
chlorine  (Fig.  V:13).  Here  the  charges  deduced  from 
the  shifts  in  the  emission  lines  assuming  up3  hybridiza¬ 
tion  are  somewhat,  larger  than  the  corresponding 
values  obtained  from  the  shifts  in  the  binding  energies. 
apH  hybridization  again  yields  quite  unreasonable 
values. 

The,  fact  that  the.  shifts  in  the  emission  lines  calcu¬ 
late;!  with  a  configuration  of  «p3d  type  are  significantly 
larger  than  the  experimental  shifts  has  two  possible 
explanations.  The,  calculated  shifts  are  related  to  free 
atoms  in  their  ground  state  (no  hybridization),  while 
the  experimental  values  are,  in  the  eases  considered 
here  related  to  elemental  sulfur  in  solid  form  and  chlo¬ 
rine  in  NaOl,  respectively.  If  there,  is  a  considerable 
admixture  of  d  electrons  in  these  reference  substances, 
the  theoretical  shifts  would  he  reduced  to  more  reason- 
able,  values.  Elemental  sulfur  might  have  Hueh  admix¬ 
ture.232  hut  hardly  NaCl.  Therefore,  a  more  probable 
explanation  is  that  a  configuration  of  sp3d  character 
with  free-atom  orbitals  exaggerates  the.  effect  of  d  ad 
mixture  in  the  sulfur  and  chlorine  bonds.  If  this  con¬ 
clusion  is  correct  then  together  with  the  previous  con¬ 
clusions  on  the,  shifts  in  the  binding  energies,  some 
limits  can  he  determined  for  the  effective  charges. 
However,  it  should  he  remembered  that  the  ’•dative 
uncertainty  in  the  theoretical  line  shifts  is  considerable 
and,  therefore,  no  definite,  conclusion  should  he  drawn 
at  the  present  stage.. 


Further  investigations 

As  mentioned  previously,  the,  calculations  presented 
here  are  oidy  at  a  preliminary  stage,  and  further  in¬ 
vestigations  are  now  in  progress.  Home  calculations 
have  been  made  on  elements  in  the  second  period 
(C,  N,  O),  bat  they  are  not  yet  complete.  In  these 
cases  the  contribution  from  d  orbitals  is  supposed  to 
be  small  and,  hence,  one  of  the  main  obstacles  facing 
the  interpretation  of  sulfur  and  chlorine  data  would 
be  absent.  A  further  approach  to  this  latter  problem 
involves  calculations  of  the  distortion  of  the  atomic 
orbitals  by  surrounding  atoms  or  ions.  We  hope  that 
it  will  be.  possible  to  derive  more  realistic  wave  func¬ 
tions  particularly  for  the  excited  states  in  this  way  and 
make  more  definite  statements  about  elements  in  the 
third  period. 

V  :4.  Correlation  of  ESCA  Chemical  Shifts 
with  Valence 

One  of  the  many  ways  in  which  K8CA  can  contri¬ 
bute  to  the  solution  of  chemical  problems  is  to  he, 
found  in  the  study  of  the  chemical  bond.  This  is  a 
large  and  important  field  in  organic  chemistry.  Since 
organic  chemistry  is  based  on  the  dement  carbon,  and 
since  carbon  is  versatile  from  the  point  of  view  of  che¬ 
mical  binding,  the  number  of  combinations  between 
carbon  and  other  light  elements  in  organic  chemistry 
is  very  great.  Of  these,  the  elements  hydrogen,  oxygen, 
nitrogen,  phosphorus,  suliur,  and  the  halogens  are  the 
most  common  ones.  For  the  study  of  the  reaction 
mechanisms  in  organic  chemistry  an  understanding  of 
the  nature,  of  the  chemical  bond  is  of  great  importance. 
Electron  spectra  have  been  Hhown  to  depend  on  valence 
in  chemically  combined  elements  and  the  chemical 
shifts  reflect  the  charge  distribution  in  molecules,  see. 
Chapter  1  and  Section  V  :  1 .  Electron  spectroscopy 
should  therefore,  he,  particularly  well  suited  for  the  study 
of  chemical  bonding. 

The  application  of  ESCA  to  structural  problems  in 
organic  chemistry  appears  to  have  great  potential  value. 
Electron  spectra  of  an  element  are  sensitive  to  such 
structural  variations  that  involve  changes  in  the  oxid¬ 
ation  state,  or  more  generally  in  the  valence  state.  The 
method  is  thus  of  value  for  the  study  of  isnincric  struc¬ 
tures  in  which  elements  are.  involved  in  different  xid- 
ntion  states.  (An  example  will  he.  given  in  Section 

V  :5b.) 
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Vig.  V:18.  Chemical  shifts  in  the  K  and  L  shells  of  sulfur 
versus  oxidation  number  in  a  series  of  inorganic  compounds 
with  sodium  (a)  and  potassium  (b)  as  cations.*9 


The  ESCA  shifts  used  for  the  discussion  in  this 
section  are  taken  mainly  from  early  measurements  on 
sulfur"  and  chlorine®1  in  a  series  of  compounds  repre¬ 
senting  widely  differing  valence  states. 

Correlation  of  shifts  with  oxidation  number 

In  previous  papers"**  the  shifts  have  been  corre¬ 
lated  with  conventional  oxidation  numbers  for  series 
of  different  compounds,  e.g.  sodium  and  potassium 
salts  of  sulfur  compounds  and  sodium  salts  of  chlorine 
compounds  (Figs.  V:18  and  V :  19). 

The  investigation  of  shifts  has  now  been  extended 


to  some  organic  sulfur  compounds83  (Table  V  :5)  and 
to  the  2s  subshcli  of  chlorine  (Table  V : 6).  The  sulfur 
shifts  do  not  fit  well  into  the  correlation  previously 
obtained  with  inorganic  sulfur  compounds  (dashed 
line  in  Fig.  V :  20).  This  is  mainly  due  to  the  rather 
arbitrary  character  of  the  definition  of  oxidation  num¬ 
ber  (Appendix  1 1 ),  which  approximates  every  bond  be¬ 
tween  elements  of  different  electronegativity  to  a  fully 
ionized  bond. 

In  certain  compounds  it  may  be  doubtful  which  of 
the  bonded  atoms  is  the  more  electronegative.  The 
carbon-Bulfur  bond  is  an  example  of  this.  On  the  elect¬ 
ronegativity  scale  (Appendix  13)  carbon  and  sulfur 
have  the  same  electronegativity.  Because  alkyl  groups 
possess  a  positive  inductive  effect  (p.206,  Ref.  187)  they 
are  usually  treated  as  electron  donors  in  relation  to  sul¬ 
fur.  Thus  sulfonic  acid  sulfur  is  assigned  an  oxidation 


92 


number  I  4  whereas  organic  sulfide  sulfur  is  assigned 
an  oxidation  number  -2. 

The  oxidation  number  is  defined  as  the  charge,  that 
is  left  oil  the  central  atom,  when  all  ligands  are  re¬ 
moved  with  or  without  the  bonding  electrons,  depend¬ 
ing  on  their  electronegativity.  The  oxidation  number 
highly  exaggerates  the  charge  on  atoms  because  it 
ignores  the  covalent  character  of  the  bonds.  When  the 
bonds  have  little  ionic  character,  the  concept  of  formal 
charge.  (Appendix  11)  which  approximates  every  bond 
to  a  fully  covalent  bond  is  a  better  representation  of  the 
real  charge  distribution.188 

Correlation  of  shifts  with  a  modified  oxidation  number 

When  ESCA  shifts  are  subsequently  correlated  with 
oxidation  states  for  the  various  sulfur  compounds  listed 
in  Table  V:5,  better  results  are  obtained,  when  the 
electrons  are  assigned  as  follows:  for  large  electronega¬ 
tivity  differences,  |  Xt  —  Xn I ,  the  electrons  are  assigned 
according  to  oxidation  number  rules  and  for  small  elec¬ 
tronegativity  differences  according  to  the  rule  for  for¬ 
mal  charge.  From  a  consideration  of  the  relation  be¬ 
tween  electronegativity  and  amount  of  partial  ionic 
character,  /,  of  single  bonds  (Appendix  14)  an  electrone¬ 
gativity  difference  of  0.5  has  been  chosen  as  a  limit  for 
the  two  ways  of  assigning  electrons.  Thus  when  the 
electronegativity  difference  is  >0.5  the  assignment  is 
made  according  to  the  rules  for  oxidation  number  and 
whei.  it  is  <  0.5  according  to  the  rule  for  formal  charge. 
In  this  section  the  quantity  thus  defined  is  called  “mo¬ 
dified  oxidation  number”.  The  correlation  between  the 
ESCA  shifts  for  the  sulfur  compounds  and  their  modi¬ 
fied  oxidation  numbers  obtained  in  this  way  is  shown 
in  Fig.  V:21.  An  improvement  resulting  from  this 
modification  is  that  both  odd  and  even  oxidation 
numbers  become  occupied.  With  the  unmodified  oxid¬ 
ation  number  scale  elements  in  odd  groups  in  the 
Periodic  System  mostly  occupy  odd  numbers  and  ele¬ 
ments  in  even  groups  even  numbers. 

A  further  example  of  the  difficulty  in  applying  the 
concept  of  oxidation  number  to  complex  molecules,  is 
provided  by  the  thiosulfate  ion,  in  which  the  sulfur 
atoms  arc  usually  assigned  the  oxidation  numbers  I  0 
and  2  respectively  by  analogy  with  the  sulfate  ion 
(Fig.  V:22a,b).  The  central  sulfur  atom  with  its  for¬ 
mal  positive  charge  will  be  more  electronegative  than 
the  ligand  sulfur  atom  and  a  more  meaningful  allocation 
would  then  be  the  one  shown  in  Fig.  V  :22  c.  If  rule  No  .3 
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Fig*  V :  I II.  Chemical  shifts  in  the  K  and  /.]  shells  of  chlorine 
in  a  series  of  inorganic  compounds.*1 

in  Appendix  11  is  applied,  the  assignation  shown  in 
Fig.  v  :22d  follows.  With  the  modified  oxidation  num¬ 
ber,  the  last  assignation  is  unambiguous. 

The  chemical  shifts  may  be  regarded  as  measures  of 
the  atomic  charges  in  molecules  or  crystals,  see 
Sections  V :  2  and  V  :  3.  From  the  observed  shifts  and 
by  making  the  appropriate  self-consistent  field  calcu¬ 
lations  in  the  free-ion  model,  the  degree  of  ionization 
could  in  an  earlier  paiier*8  he  related  to  valence  (de¬ 
fined  as  oxidation  number)  by  a  single  coefficient  in 
such  a  way  that  a  consistent  correlation  between 
degree  of  ionization  and  shifts  was  obtained.  Since  the 
degree  of  ionization  con  be  regarded  as  an  idealized 
representation  of  charge,  this  is  an  indication  that  tho 
chemical  shifts  reflect  tho  charge  distribution  in  mole- 
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Table  V  :6.  Chemical  shifts  in  the  Is  level  of  sulfur  and  correlation  data  for  sulfur  compounds.  (See  also  Figs. 

V :  20,  V :  21,  and  V  :  27). 
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22 
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0 
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5 
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4  5.8 
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4  0 

1.0 

22 

4  1.32 

0 
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—  2.0 
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-2 

1.0 

47 

-  1 .02 

7 
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4  4.0 

4  4 

4  4 

1.0 

22 

1  0.8H 

8 
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4  5.4 
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22 

•1  1.32 
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0.04 
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0 

0 

0 

0 
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11 

(>  ,N  S  N,  .O 
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4  2 
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12 

^  ytTi.soni.^  \ 

4  3.0 
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1,0 

22 

4  0.44 
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/  V 
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4  3 

1.0 

22 

1  0.00 

14 
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I  4 

4  5 

1.0 

22 

4  1.10 
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|,0.4 

0 

0 

0 

0 

15 

Heparin 

s  (i.:t 

1  0 

4  0 

1.0 

((1.5 

22  1 
e.r.J 

-1  1.2.0 

10 

IVxtraiiOSO.Na 

■i  r>.(i 

i  0 

4  0 

1.0 

22 

1  1.32 

cules.  Because  of  the  simplicity  and  usefulness  of  this 
concept  we  have  adopted  it  as  a  preliminary  working 
hypothesis.  We  have,  however,  seen  that  the  oxidation 
number  highly  exaggerates  the  charges  on  atoms.  An 
attempt  has  therefore  been  made  to  derive  a  more 
satisfactory  scale  for  the  correlation  of  shifts  with 
“valence  stats:”  expressed  in  terms  of  a  calculated 
charge. 


Twite  V .'  0.  Chemical  shifts  in  the  level  of  chlorine, 
and  correlation  data  for  chlorine  compounds.  (See 
Fig.  V :  28). 


Compound 

Shift 

(’V 

Oxida¬ 

tion 

nuinbor 

Us  -  X/,l 

/ 

% 

Charon 

NuCl 

0 

-  1 

2.1 

07 

0.07 

NaCIC.H.O, 

,S  1.8 

- 1 

0.5 

(1.5 

0.07 

NaCIO, 

3.8 

-i  3 

0.5 

0.5 

4  0.20 

NaClO, 

7.1 

4  5 

0.5 

0.5 

4  0.33 

NaClO. 

0.5 

4  7 

0.5 

0.5 

4  0.40 

Correlation  of  shifts  with  charge 

Estimation  of  charge  based  on  the  concept  of  electro - 
negativity  and  the  theory  of  resonance. — The  estimation 
of  charge  distribution  in  molecules  is  a  difficult 
problem.  In  certain  systems  it  can  hi'  calculated  by 
ipiuntum  mechanical  methods.  For  some,  of  the  simp¬ 
lest  compounds  charge  distributions  calculated  by 
means  of  (juantum  chemical  methods  are  available, 
hut  since  the  methods  and  choice  of  parameters  for 
these  calculations  have  differed,  the  results  arc  not 
comparable. 

ltccent  developments  in  the  electronegativity  con¬ 
cept,  have  led  to  relatively  simple  methods  for  t  he  esti¬ 
mation  of  charge  distribution  in  molecules  or  groups.11’9' 
193  These  are  based  oil  the  principle  of  equalization 
of  electronegativity  upon  bond  formation  and  ojX'ratc 
with  orbital-,  bond-,  and  group-electronegativities  (Ap¬ 
pendix  Hi).  Unfortunately,  in  the  case  of  the  higher 
oxidation  states  of,  for  example,  sulfur  or  chlorine,  they 
fail  because  of  the  lack  of  fundamental  data  for  ostima- 
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Oxidation  number 

IAH.  V:20.  <'l>cinieul  shifts  in  the  I.,  shell  of  sulfur  versus  oxid.it  ion  number. 


Modified  oxidation  number 

Fig.  V:2I.  (’Iioinirul  shifts  in  tho  1,  shell  of  sulfur  versus  modified  oxidation  number 


tioii  of  the  electronegativity  of  the  d  orbitals  involved 
in  bond  formation. 

However,  by  employing  a  modification  of  the  pro¬ 
cedure  used  by  Pauling  for  estimation  of  charges  on 
atoms  in  molecules,193  based  on  the  original  concept  of 
electronegativity  as  an  invariant  atomic  property,  we 
have  derived  a  method  for  calculating  charge,  which 


can  also  be  used  for  the  higher  oxidation  states  in¬ 
volving  d  orbitals. 

The  procedure  of  Pauling  is  based  on  the  concept,  of 
partial  ionic  character  of  bonds  (Appendix  14).  For 
this  treatment  knowledge  of  the  exact  bond  lengths 
in  molecules  and  of  the  pure  single,  double,  and  triple 
bond  lengths  of  the  bonds  under  consideration  is  re- 


1 


Structures  according  to 


Lewis 

0 

•o« 

©  12©  © 

■O-S-Oi 

I  “ 

to. 

© 


Oxidation  numbers 


2© 

>6' 


© 

i6. 

©  12©  © 

i§~  s-6. 

"  i  ~ 
fO. 

© 


2© 

•Oi 

6®  2® 

S  lOi 

>  w 
.0* 

i© 


2© 

«6' 

2®  6®  2© 

•  Si  S  iOi 

.6. 

2© 


20 

iQ. 

®  2®  ?© 

•s  «s  »0» 

IOi 

2© 


2© 

iQ. 

5©  2? 

•s  .0. 

i6< 


© 

is- 


Ki«.  V  :22.  Dorivatitin  of  oxidation  mitnticrK  for  tlm  Hulfutr  mid 
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quired.  The  bond  lengths  arc  used  t/i  estimate  the 
bond  number,  n,  which  represents  the  total  choree  of 
covalent  bonding  between  atoms  The  basis  for  the 
calculation  of  t  his  quantity  is  ^iven  in  Appendix  15, 

Here  we  shall  only  illustrate  the  use,  of  i  for  calcu¬ 
lation  of  charge,  by  giving  Pauling's  calculation  of 
charge  on  the.  sulfur  atom  in  the.  sulfate  ion  (p.  .'{'22, 
Kef.  I!>3): 

The  bond  number  of  the  sulfate  ion  ca'eulatcd  from 
l>ond  lengths  is  i.H3.  This  means  that  an  extra  electron 
pair  from  each  oxygen  in  the  lsavis  structure  is  shared 
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between  oxygen  and  sulfur  to  a  degree,  of  H3  per  cent: 
The  charge  on  the,  sulfur  then  becomes  lb  -  4  - 
—  4  •  0.B3  -  —  1  .32.  Each  bond  is  assumed  to  have  the. 
amount  of  ionic  character  corresponding  to  the  electro¬ 
negativity  difference,  between  the,  two  atoms,  22  per 
cent.  (Appendix  14).  As  a  result  of  this  partial  ionic 
character  the  sulfur  loses  4  •  1 .83  •  0.22  -  1 .01  of  its 
share,  of  electrons  to  the  oxygen,  and  the  residual 
charge  on  sulfur  becomes  -  1.32  I  1  .111  I  0.2!). 

Unfortunately  accurate  bend  lengths  are  only 
available  for  a  limited  number  of  molecules.  We  have, 
however,  made  approximate,  estimations  of  bond 
numbers  as  follows.  In  the  resonance  theory  (Appendix 
12)  there  are  certain  rules  for  estimating  the  relative 
weight  of  each  of  the  structures  contributing  to  a  re¬ 
sonance  hybrid.111'1  The  most  stable  structures  contri¬ 
bute  most.  According  to  the  principle  of  electro- 
neutrality  (pp.  172,  273,  Kef.  H)3)  the  most  stable 
structures  are  those  in  which  there  is  a  minimum  of 
charge  scpai alien.  Structures  with  charges  of  tne 
same  sign  on  adjacent  utoniH  are  less  stable  niid  make 
small  contributions.  (Adjacent  charge  rule  p.  270, 
Kef.  103).  In  charged  structures,  the  structures  with 
negative  charges  on  the  most  electronegative  atoms 
are  the  most  stable.  Selecting  the  st.rueturi  s  which 
best  comply  with  these  requirements  we  have  estimat¬ 
ed  approximate  bond  numbers  for  calculation  of 
charges.  Allowing  for  il„  bonding  in  sulfur  compounds, 
the.  structures  in  which  the  central  sulfur  atom  is 
formally  neutral  have  been  chosen.  We  shall  illustrate 
the  procedure  by  three  examples,  the  sulfate,  ami  the 
thiosulfate  ions  and  sodium  sulfide: 

I.  Starting  with  the  Lewis1'’1’  structure  (I)  electron 
pairs  from  the  oxygen  I’.ton.::  are  shared  with  the  cen¬ 
tra!  sulfur  atom  in  order  to  neutralize  the  formal 
charge  on  the  sulfur  atom: 
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A  structure  obtained  in  thin  way  (II)  contains  only 
covalent  bonds. 

The  number  of  bonds  is  determined  by  the  position 
of  the  central  atom  in  the  Periodic  Table.  Six  different, 
structures  of  type  II  can  be.  drawn  (Fig.  V : 23  a).  In 
these  every  sulfur-oxygen  link  in  three  times  a  single 
bond  and  three  times  a  double  bond.  These  structures 
are  assumed  to  make  the  predominating  oontri  butiorm 
to  the,  resonance  hybrid.  If  the  contributions  of  other 
less  important  struct,:! res  are  neglected,  n  becomea 
(3 '  1  I  3-2 )/<»  !!/(>  1.5.  Thin  ia  equivalent  to  Haying 

that  as  a  reHult  of  the.  resonance  the  six  howls  in  the 
type  II  utruuture  are,  diHtributed  equally  over  the.  four 
ligandH,  thus  n  (i/<l  1 .5.  The  50  per  cent  double 

bond  character  m  utraii/,eH  the  formal  charge  on  the 
sulfur  atom.  The  electronegativity  difference  trans¬ 


fers  I  4-1.5*0.22  I  1.112  to  the  Hiilfur  atom,  which 
leavew  a  total  residual  charge  of  1  1 .32.  This  approxi¬ 
mation  is  a  better  representation  of  the  real  charge 
distribution  than  the  oxidation  number  (  I  (i). 

2.  Th  -■  resonance  structures  for  the,  thiosulfate  ion 

are  shown  in  Fig.  V  .23  h.  'J’he  homl  number,  n,  for 
the  sulfur-oxygen  bonds  is  (3  1  I  3-2)/(i  1,5.  Theae, 

bonds  transfer  I  3- 1 .5-0.22  -•  -I  0.00  to  the  central  sul¬ 
fur  atom.  The  bond  number  for  the  ligand  sulfur  atom  is 
(3-1  I  3  •  2)/(I  1 .5  and  the  charge  (3-(  - 1)  I  3 ■())/« 

-  -0.5. 

3.  Sodium  sulfide  may  he  represented  as  follows: 

Na-S-Na 

n  1 ,  charge,  —2-1  •  0.47  0.04. 

In  the  same  way  charges  have  liecn  calculated  for  the 
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compounds  listed  in  Tables  V  :5  and  V  :<i.  The  quantity 
thus  ealeulated  eun  he  regarded  as  a  measure  of  “va- 
lenee  state.”  in  terms  of  charge,  and  should  be  disting¬ 
uished  from  charges  ealeulated  by  more  exact  quantum 
chemical  methods  or  from  experimental  shifts. 

Spectra  of  some  of  the  compounds  in  Table  V :  ft 
are  shown  in  Kigs.  V  :  24,  V  :  25.  and  V  :  2(i.  In  the  large 
penicillin  molecule  as  well  as  in  the  ,-ulfatcd  polysac¬ 
charides  heparin  and  dcxtriin  sulfate,  the  sulfur  lines 
are  as  sharp  ami  distinct  as  in  smaller  molecules. 

CorrrhUiiiii  (if  shifts  with  rhan/r  for  sulfur  and  chlorine 
tills,  -The  relationship  between  calculated 
charge  and  chemical  shifts  for  t  he  sulfur  compounds  is 
plotted  in  Kig.  V  :27.  The  slope  of  the  regression  line 
agrees  well  wit  h  the  slope  obtained  from  compound 
No.  14,  in  Table  V  :5  containing  two  different  covalent 
sulfur  atoms  in  the  same  molecule.  This  correlation 
scale  distinguishes  between  12  ‘‘valence  states”  com¬ 
pared  with  hand  S  in  Kigs.  V : 20 mid  V  .2I  respectively. 


The  relationship  between  calculated  charge  and 
chemical  shifts  for  some  chlorine  compounds  is  shown 
in  Kig.  V:2H.  With  the  sulfur  compounds  an  approxi¬ 
mately  rectilinear  plot  was  obtained,  Kig.  V:27, 
whereas  the  plot  with  the  chlorine  compounds  in  Kig. 
V:28  is  curvilinear.  There  is  no  reason  to  anticipate 
a  linear  shift-charge  plot.  The  frec-ion  model  predicts 
an  increasing  shift  per  degree  of  ionization  (Meet  ion 
V :2  ami  V:3). 

Compared  with  other  calculations  which  allow  for 
d„  bonding  the  charges  obtained  for  sulfur  in  the  higher 
oxidation  states  seem  high.  The  charge  on  sulfur  in  the 
sulfate  ion  calculated  by  the  more  exact  bond  length 
treatment  of  Pauling  is  for  instance  1  0.211.  From  a 
calculation  bused  on  the  equalization  of  electronegati¬ 
vity  ( Ap|H'iidix  10)  the  charge  -0.10  is  obtained. I1,B 
In  a  recent  quantum  chemical  calculation  using  the 
Wolfsberg-llelmholz  approximation  the  charge  ob¬ 
tained  on  sulfur  in  the  sulfate  ion  lunges  from  -  0.10  to 
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Fig.  V:27.  Chemical  shifts  in  the  In  hIioII  of  sulf.ir  vermis  calculate*!  charge. 


I  0.52  when  d  orbitals  im:  included  and  from 
I  0.49  to  l  1.30  when  d  orbitals  arc  excluded1*'1.  A 
molecular  orbital  calculation  on  the  sulfite,  ion  including 
d  orbitals  has  given  the.  charge  I  0.59  on  the  sulfur 
atom""'.  Another  calculation  using  an  approximate 


MO-l-OAO-dOF  method  without  empirical  parame¬ 
ters  and  not  allowing  for  d„  bonding,  gives  higher 
charges  on  the  sulfur  in  the,  sulfate,  I  1.79,  thio¬ 
sulfate,  I  1.54  (  —0.96),  and  sulfite,  -I  0.93,  ions.233 

For  the  chlorine-oxygen  comjtounds  in  which  the 
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electronegativity  differences  are  smaller  than  in  the 
ease  of  sulfur-oxygen  compounds  the  simplified  reso¬ 
nance  treatment  for  derivation  of  bond  number  seems 
to  give  better  results  for  the  Cl — 0  bonds  than  for  the 
8 — 0  Ismds,  compared  with  data  calculated  from  bond 
lengths. 

For  the  chlorite  ion,  for  example,  w  ~  ( 1  •  1  II-  2)/2  «= 
1.5 

©  o 

101—01  ,CI  () 

I  =•  I 

'<>1  lot 

Q  G 

and  the  charge  q  !  2  •  I .5*0.065  ~  l  0.20.  Bond  length 
data  give  bond  numlier  1.37  and  charge  +0.38  (p. 
324,  Kef.  11)3). 

When  comparing  charges  obtained  with  the  present 
treatment  with  charges  from  other  sources  it  should 
lx*,  kept  in  mind  that  the  atomic  electronegativity 
scale  ignores  the,  influence  of  lionding  on  electro¬ 
negativity.  The  electronegativity  of  different  kinds  of 
orbitals  differs  more  or  less  from  the  average  atomic 
electronegativity.  Thus,  for  a  Kind  involving  atoms 
with  a  relatively  large  difference  in  electronegativity 
and  a  considerable  contribution  from  higher  orbitals, 
as  for  instance  the  d  orbitals  in  sulfur-oxygen  bonds, 
the,  use  of  the  average  atomic  electronegativity  probab¬ 
ly  causes  greater  errors  in  calculated  charges  than  when 
the  electronegativity  (inferences  are  smaller,  as  for 
example  in  chlorine-oxygen  compounds. 

Another  factor  causing  errors  is  the  influence  of 
charge,  on  electronegativity.  Corrections  can  Ik;  made 
for  this  (Appendix  13),  but  because  of  the  approximate 
character  <,f  charges  calculated  from  electronegativity 
differences,  esjieeially  when  d  orbitals  are  involved, 
we  have  ignored  it  in  this  section. 

For  reasons  obvious  from  the  discussion  in  this 
section  the  promised  correlations  must  be  regarded  as 
tentative  and  liable  to  further  modification  and  refine¬ 
ment. 

Diicniaion 

The  Pauling  treatment  is  mainly  concerned  with 
bond  lengths  and  interprets  Kind  shortening  ns  being 
solely  due.  to  a  higher  degree  of  lionding.  (Some  objec¬ 
tions  have  lieon  raised  over  the  preponderating  double 
Kind  character  that  this  treatment  assigns  to  sulfur- 
oxygen  Kinds. IM  This  may  lie  an  indication  that  Kind 


Table  V .  7.  Bond  numbers  obtained  from  Raman 
spectra*01  and  calculated  by  the  present  method. 


Rot.  201 

Calc. 

so'J 

1.53 

1.50 

RiOj  8-0 

1.57 

1 .50 

8,0?  8-8 

1.46 

1.50 

SOj 

1.29 

1.33 

nimiKirs  calculated  on  this  basis  are  uncertain  and  in 
the  case  of  sulfur-oxygen  bonds  too  high.  For  some 
sulfur-oxygon  compounds  for  which  Kind  lengths  are 
known,  calculation  of  charge  fails  when  based  on  the 
Kind  length  treatment.  In  fact,  an  earlier  develop¬ 
ment  by  Pauling  assigned  Kind  numlier  1.54  to  the 
S — O  bond  in  the,  sulfate,  ion*00  (ef.  present  value  1 .83, 
p,  321,  Ref.  193),  It  is  also  of  interest  to  note  that 
Kind  numbers  calculated  by  Siebert  using  force  con¬ 
stants  from  Raman  spectra101  corrcsjKind  very  closely 
to  the  Kind  numbers  of  the  structures  with  formally 
neutral  sulfur,  see  Table  V:7. 

The  same  applies  to  calculations  on  various  sulfur 
compounds  based  on  IR  data.*01  As  long  ob  the  inter¬ 
pretation  (i.  Kind  shortenin  >  remains  controversial  it 
therefore  seems  justified  to  base  the  calculation  of 
bond  numK  rs  for  correlation  purposes  on  the  simple 
treatment  involving  resonance  Kitwecn  valence-bond 
structures  and  a  minimum  of  formal  charges. 

The  preset  t  approach  is  mainly  concerned  with 
charges,  and  liecause  of  the  lack  of  better  simple 
methods  our  estimation  of  ehaiges  on  atoms  has  Kien 
based  on  the  proposed  simplification  of  the  Pauling 
treatment  using  Kind  nu rollers.  However,  tiie  un¬ 
certainty  in  the  bond  numliers  affects  the.  calculation 
of  charges.  The  absolute  values  of  the  charges  calculat¬ 
ed  by  the  present  treatment  should  therefore  be  re¬ 
garded  as  very  approximate.  They  should  only  Ki  used 
for  comparing  Kmding  effects  in  series  of  similar  com¬ 
pounds,  i.e.  only  their  relative  values  are  significant. 

The  correlation  of  chemical  shifts  with  independent¬ 
ly  estimated  charges  constitutes  an  interesting  comxi- 
bution  to  the,  discussion  of  the  character  of  Kinds. 
Provided  that  the  KSCA  shifts  reflect  the  atomic 
charge  in  molecules  in  a  consistent  manner,  agreement 
of  a  calculated  charge  with  the  general  pattern  implies 
that  the  structure  on  which  the  calculation  of  charge 
has  Kien  based  is  correct.  Deviations  from  the  general 
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1'able.  V :  X.  Electronegativity  values  of  elements  in¬ 
volved  in  nitrogen  bonds. 

Tho  olnctroiit'galivitioa  of  elements  with  Inrun:!  charge  luv*.  c; 
been  correctly!  tiroorflinf'  to  Pauling  ( j).  05,  Hef.  174). 


Kloinont 

Kloctro- 
nrgaf  ivity 

Klcincnt 

Klectro- 

nogutivity 

H 

2.1 

N 

3.3 

(' 

2.5 

() 

3.r# 

C0 

2.2 

11° 

3.2 

N 

3.0 

H 

2.5 

N° 

2.7 

correlations  would  mean  that  the.  structure  chosen  for 
the  calculation  has  been  incorrect.  Deviations  can 
therefore  serve  to  single  out  interesting  eases  for  study, 
and  may  provide  useful  information  on  chemical 
structure. 

It  should  be  noted  that  this  approach  differs  in 
principle  from  calculation  of  charges  from  observed 
shifts  (see  Section  V : ,'t).  The  latter  approach  is  based 
on  the  assumption  that  a  definite  relationship  exists 
lietween  shifts  and  charge  distribution.  The  former 
approach  instead  poses  the  question  whether  the  shifts 
really  reflect  the  charge  distribution  in  molecules.  A 
combination  of  these  two  approaches  is  therefore 
highly  desirable. 

The  correlation  of  chemical  shifts  with  independent¬ 
ly  estimated  charges  promises  to  he  of  value  for  the 
study  of,  tor  instance,  sulfur-oxygen  bonds.  In  spite 
of  having  been  intensely  investigated  by  chemists  for 
several  decades,  the  tine  character  of  these  bonds  is 
still  a  subject  of  debate. 

The  conclusions  that  can  at  present  lie  drawn  from 
this  discussion  are: 

1.  The  relationship  between  valence  defined  as  oxid¬ 
ation  numbers  and  ESCA  shifts  has  little  real  physical 
meaning,  although  it  may  be  very  useful  as  a  guide  for 
handling  shift  data. 

2.  The  relationship  lietween  independently  estimated 
charge  on  the  atoms  and  KHOA  shifts  appears  to  lie 
more  meaningful,  hut  at  present  only  approximate 
estimations  of  charge  have  been  made  for  extended 
series  of  complex  molecules, 

If.  The  dependence  of  ESC  A  shifts  on  charges  on 
individual  atoms  in  molecules  provides  a  new  basis 
for  the  study  of  the  character  of  bonds  in  complex 
molecules. 


V:5.  Chemical  Binding  and  Molecular 
Structuro  Studied  by  ESCA 

V  :5a.  ESCA  shifts  of  nitrogen 
Since  nitrogen  belongs  to  the  second  period  it  obeys 
the  octet  rule  and  cannot  expand  its  valence  shell  by 
the  use  of  d  orbitals  like  for  instance  sulfur.  The  com¬ 
plications  caused  by  the  expansion  of  the  valence  shell 
in  tho  estimation  of  the  bond  number  necessary  for  the 
calculation  of  atomic  charge  from  electronegativity 
differences  and  partial  ionic  character  of  bonds  (Sec¬ 
tion  V:4)  arc  therefore  absent  in  nitrogen.  When  in 
the  study  of  ESCA  shifts  use  is  made  of  the  absolute 
value  of  the  calculated  charges  (as  for  instance  in 
comparison  with  charges  from  other  sources)  nitrogen 
is  consequently  more  suitable  than  sulfur.  We  have 
made  fairly  extensive  measurements  of  ESCA  shifts 
in  nitrogen  compounds.  Thirty-nine  organic  compounds 
were  studied  and  tin-  nitrogen  Is  level  was  measured 
from  the  electron  spectra.79"1  Doth  solid  and  liquid 
samples  were  investigated  in  an  effort  to  cover  a 
reasonably  wide  range  of  calculated  charge  on  the 
nitrogen. 

(  '.alcululit/n  of  charge 

In  compounds  with  formal  charges  the  electronega¬ 
tivities  were  corrected  for  the  effect  of  electric  charge. 
According  to  Pauling,174  one  unit  of  formal  charge 
changes  the  electronegativity  value  of  an  clement  by 
approximately  two  thirds  of  the  electronegativity  dif¬ 
ference  between  the  actual  element  and  the  next  de¬ 
ment  in  the  Periodic  Table  (see  Appendix  1H).  The 
electronegativities,  X<  of  the  most  important  atoms  in 
nitrogen  organic  chemistry  are  listed  in  Table  V:H. 
The  partial  ionic  character,  /,  of  the  various  bonds  in 

Tahir.  V  :U.  Partial  ionic  character  for  bonds,  derived 
from  the  relationship  by  P. ailing. 174 


Th'4  nigiin  rt’frr  to  t  in?  calculation  of  charge  on  nitrogen. 


Hand 

Partial  ionic 
character 

Pond 

Partial  ionic 
character 

N  11 

--0.1X 

N  -<> 

A  0.00 

N'"  II 

-0.30 

N  -0° 

1  0.01 

N 

-  0.00 

N"'  -() 

*  0.0 1 

N  -  O'  ’ 

0.15 

N"'-0'J 

*  0.00 

n"’  -  a 

-  0.15 

N  -  S 

-  0.00 

N"’  ~N 

-  0.02 

N11'  -  H 

0.15 

N"’-N° 

-0.00 
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Table.  V:10.  Comparison  of  charges  calculated  from 
electronegativity  and  by  the  MO-LCAO-method  ac¬ 
cording  to  Del  Re  et  a/.*0520® 


Group 

<7 

MO-LCAO- 

method 

Pre«oi‘t 

method 

Nil, 

-  0.76 

-  0.64 

ltNH, 

-  0.54 

-0.42 

h.nh 

—  0.3(1 

-  0.30 

R,N 

-  0.2o 

-  0.18 

KN(tlH, 

4  0.13 

+  0.27 

The  calculated  charges  have  been  compared  for  some 
important  groups  with  the  corresponding  literature 
values  calculat'd  by  a  seniicmpirical  MO-LCAO- 
method  for  saturated  organic  molecules.  This  MO- 
I-CAO-method  uses  an  approximation  proposed  by  Del 
Reef  al and  the  values  are  listed  in  Table  V :  10. 
They  compare  remarkably  well  and  the  use  of  the 
simplified  electronegativity  treatment  for  the  calcu¬ 
lation  of  charge  whim  correlating  shifts  in  binding 
energy  therefore  seems  justified. 

In  order  to  over  as  much  of  the  char  ge  scale  as 
possible  a  series  of  eomf>ounds  with  widely  varying 
structures  was  used.  This  made  more  elaborate  methods 
for  the  calculation  of  charge  impractical' in  the  initial 
stage  of  this  investigation.  Charge  calculations  using 
an  extended  Hticliel  molecular  orbital  method  are  in 
progress’ 

Results 

Twenty. seven  of  the  compounds  studied  in  this  in¬ 
vestigation  are  listed  in  Table  V :  1 1 .  It  gives  the 
measured  nitrogen  l«  binding  energies,  A’„,  the  calcu¬ 
lated  charge  for  the  nitrogen,  and  the  number  of 
measurements  mode  on  each  compound,  n. 

The  spectra,  obtained  from  com|K>unds  which  con¬ 
tain  nitrogen  atoms,  all  with  the  same  calculated 
charge,  only  show  one  peak,  while  eom|s>iinds  con¬ 
taining  nitrogen  atoms  with  different  calculated 
charges  give  spectra  with  more  than  one  peak,  Hexa¬ 
methylenetetramine  (compound  No.  7)  is  of  the  first 
type  and  its  sjiectrum  is  shown  in  Kig.  V;32.  Sodium 
azide  (oom|H>und  No.  1)  is  an  example  of  the  second 
typo  and  its  B|>ectrum  is  shown  in  Kig.  V .'Si.  Of  the 
three  nitrogen  atoms  in  the  azide  ion,  the  central  atom 

•  We  thank  Fil.lic.  Kolf  Msnhc  for  providing  the  computer 
program . 


has  a  calculated  charge  of  I  0.64  according  to  the 
structural  formula  in  Pig.  V :  33  and  the  other  two  nit¬ 
rogen  atoms  both  have  a  lower  oxidation  state,  charac¬ 
terized  by  a  charge  q=  -  0.72.  The  electron  sjiectrum 
is  in  accordance  with  this  and  shows  two  nitrogen  la 
lines  of  which  the  one  of  higher  kinetic  energy  has  twice 
the  intensity  of  the  other  line.  Another  example  of  a 
sjiectrum  from  a  nitrogen  comjiound  with  different  cal¬ 
culated  charges  is  given  in  Pig.  1:18.  Fig.  1:17  shows  a 
chemical  shift  of  the  la  core  electrons  in  nitrogen  for 
the  sample  consisting  of  two  different  comjiounds, 
aniline  and  nitrobenzene.  These  are  both  liquids  at  room 
temjierature  and  a  target  for  the  X-rays  was  made 
from  a  mixture  of  the  two  comjiounds  by  the  freezing 
technique  described  in  Section  VIII  :5. 

In  Pig.  V:34  the  measured  binding  energies  have 
been  plotted  against  calculated  charge  for  nitrogen. 
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Kig.  V :  32.  Nitrogen  la  electron  speetruin  from  hoxainothylene- 
tetramino."1  Tito  molecule  contain**  four  nitrogon  atoine  all  of* 
which  have  the  name  calculated  charge. 
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The  curve  in  the  figure  has  been  fitted  to  ail  the 
points  except  Nos.  1,  2,  15  and  lt>  by  the  method  of 
feast  squares.  If  one.  considers  that  the  charge  para¬ 
meter  has  been  obtained  by  an  approximate  method 
and  that  the  series  under  study  is  composed  of  cum- 
jtounds  ■with  widely  varying  structures,  the  correlation 
can  be  regarded  ns  good.  In  the  molecules  containing 
oxygen  and  sulfur  the  O  Is  and  S  ip  levels  have  also 
been  measured  and  will  he  dealt  with  in  Sections  V  :5b 
and  V  :  5c. 

From  Table  V  :  1 1  and  Fig.  V  :34  it  can  be  seen  thut 
the  binding  energies  of  nitrogen  in  various  nitro  com¬ 
pounds  fall  within  a  small  range.  The  substituent 
effects  do  not  seem  to  affect  the  binding  energies  of 
nitrogen  in  the  nitro  groups  to  any  great  extent,  and 
the  binding  energy  405.2  eV  can  thus  be  taken  as 
characteristic  of  an  aromatic  nitro  group. 

In  Table  V  :  12,  data  obtained  for  com|K>unda  in 
which  resonance  affects  the  charge  distribution  have 
been  listed,  and  the  correlation  in  Fig,  V :  44  has  been 
used  to  estimate  the  contribution  of  conjugated  or 
resonance  structures  as  discussed  below. 

The  binding  energy  for  the  nitrogen  Is  electrons  in 
aniline,  compound  No.  28,  is  higher  than  could  he  ex¬ 
pected  from  a  non -conjugated  structure.  The  charge 
assigned  to  the  nitrogen  atom  in  this  molecule  by  the 
correlation,  -  0.14,  means  54  %  contribution  of  con¬ 
jugated  structures. 

In  compound  No.  20  the  peak  representing  the  nitro¬ 
gen  in  the  amino-  and  azo-groups,  Fig.  V  :35,  has  been 
resolved  graphically  under  the  assumption  that  the 
two  nitrogens  of  the  azo  group  have  equal  binding 
energies.  The  structural  formula  and  charges  arc.  given 
in  Fig.  V  :3(>.  This  assigns  a  charge  to  the  amino  group 
which  leads  t*»  04  %  contribution  of  the  conjugated 
structure.  If  the  binding  energies  of  the  nitrogens  in 
the  azo  group  are  assumed  to  be  unequal,  the  same 
distribution  of  intensities  in  the  spectrum  would  only 
Ik;  obtained  if  the.  binding  energy  of  the  amino  group 
nitrogen  were  equal  to  that  of  one  of  the  azo  group 
nitrogens.  With  this  assumption  the  binding  energy  of 
the  amino  group  nitrogen  should  be  about  equal  to 
that  of  the  aniline  nitrogen.  This  is  unlikely  for  two 
reasons.  Firstly,  since  the  amino  group  is  conjugated 
with  a  strong  M  substituent,  one  would  expect  that 
the  contribution  from  the  conjugated  structure  should 
In:  higher  than  in  aniline.  Secondly,  the  auxoehromic 
character  of  the  substituents  and  the  colour  of  the 
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Fig.  V :  33.  Nitrogen  1*  electron  hjhk  irum  from  sodium  azide.*1 
'fho  peaks  corresponding  to  tho  positively  and  negatively 
charged  nitrogen  atoms  are  identified  from  the  line  intensities. 

compound  also  indicate  a  high  contribution  from  the 
conjugated  structure.  For  reasons  mentioned  below, 
no  definit  conclusions  can  be  made  about  the  con¬ 
jugation  from  the  values  for  the  nitro  group. 

In  compounds  Nos  0,  22,  23,  and  30,  Tables  V :  1 1 
and  V:  12,  the  binding  energies  of  the  nitrogen  in  the 
sulfonamide  groups  are  significantly  higher  than  that 
of  an  ordinary  aliphatic  amino  group.  This  is  consistent 
with  the,  known  high  electron  attracting  jwwer  of  the 
sulfonyl  group  which  can  be  represented  by  the  reso¬ 
nance  structures; 
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Table  V :  11.  Calculated  charges  and  measured  binding  energies  (B„)  for  ft  series  of  nitrogen  containing  com¬ 
pounds. 

Tlio  nitrogens  to  which  tire  given  rlatn  refer  are  given  with  belli  symbols,  n  refers  to  the  number  of  measurement s. 


Table  V:  11.  (Oonf.) 


Nr 

COMPOUND 

n 

Calculated 

charge 

Eb 

Nts 

16 

0  =  N-0-(CH2)4  ch3 

2 

+  0.18 

403.7 

17 

Hvft^C2H 

H5CrNX2H: 

51ci® 

)J 

3 

10 

+  0.25 

400.4 

18 

(-HN-CHR  C00e  1} 

H' 

+  0.27 

400.3 

19 

H^fi-O-SOf 

H 

3 

+  0.27 

401.0 

20 

■ 

HjCsfiXHJ  pi© 
H3C^NxCH3|Li 

3 

+  0.40 

21 

h3c^xh3 

H3C"n'O0 

2 

+  0.55 

402.2 

402.2 

22 

©  ®/=\ 
o-N  r> 

2 

+  0.55 

1 

Q  ®  0  1  _ 

iN  =  N  =  Nij  Na® 

2 

+  0.64 

403.7 

12 

13 

R-^N-R 

6 

© 

R  =12 

R  =13 

2 

5 

+  0.81 

403.6 

403.4 

23 

24 

25 

26 
13 

9 

R=<J>so2nh2 

R  r  ~©~  5  NO, 

R  =  -0 

R  =  -0-  OH 

R  =  13 

R=-Q-S02NH\^ 

2 

2 

10 

3 

5 

3 

+  0.87 

404.9 

405.1 

405.1 

405.3 

405.3 

405.5 

27 

®  n9 

0=N<q9 

Na® 

2 

+  1.02 

407.2 

1  Mean  from  10  amino  aeirtn. 
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Table  Estimation  of  the  amount  of  conjugation  or  resonance  structures  in  some  nitrogen  containing 

compounds. 


Nr 

COMPOUND 

h 

Calculated 

charge 

Charge  from 
correlation 
curve 

Eb 

NIs 

Conjugation 

% 

28 

h2n-<Q  — 

H2fi  Oe 

4 

-0,42 
+  010 

-0.14 

3986 

54 

29 

h2n  -Q-  n 

ON 

=  N  -O-  N02 
-N  =ON0f 

4 

-0.42 
+  0,10 

-0.06 
-  0  1  2 

+  0.07 

-  0.10 

3996 

3988 

94 

(67) 

+  0.87 
+  0,70 

♦  0  86 

4050 

RHNS02R’ 

—  RHfi=S0®R' 

30 

R  =  H 

r=-Onh2 

-0.37 
+  0  28 

-0  06 

399  0 

48 

22 

R  =  H 

R'=  CJN-0 

-0  37 
+  0  28 

-012 

398.7 

38 

23 

R  =H 

R‘=  p-N02 

-0  37 
+  0  28 

-0  12 

398.7 

38 

9 

R=QN 

R’=-0“  N02 

-0  26 
+  0.42 

+  0.14 

40C.1 

59 

31 

RHNCOCH 

.  $ 

3  — rhn  =  cch3 

-0  30 
+  0  25 

j 

| 

R  =  c”>-CH-C00H 

b —  i 

2 

+  008 

399.7 

1 

70 

_ 

The  correlation  assigns  q  0.1  2  to  the  snlfonamido 
nitrogen  in  compounds  Nos.  22  and  2d.  which  means 
cnntrilmtinn  of  3S  hy  the  charged  structure.  Fit 
compounds  tl  and  ltd  the  charges  from  the  correlation 
are  i  (1.14  and  O.Oti  which  means  a  contribution  of 
•r>!)  and  4N  hy  the  charged  structures  respectively. 
Similarly  there  is  a  contribution  of  70  from  the 
charged  structure  in  amide  No.  SI .  This  is  in  agreement 
with  IK  data,  which  show  that  the  oxygen  bond  has 
relatively  less  double  bond  character  in  amides  than 
in  sulfonamides  as  compared  with  sulfones  and  ke- 
tones'iU7  and  this  result  indicates  that  the  carbon- 
nitrogen  link  in  amides  has  a  considerable  double 
bond  character. 

In  compound  No.  SO,  Fig.  V:S7,  the  peak  represent¬ 
ing  the  two  amino  groups  has  the  same  half  width  as  a 
single  nitrogen  line.  This  shows  that  the  binding 


energies  are  equal  for  the  amino  and  snlfonamido 
nitrogens.  This  also  means  that  the  sulfonamide  group 
does  not  show  any  significant  -Af  effect ,  which  is  in 
accordance  with  the  general  behaviour  of  sulfonyl  sub¬ 
stituent  i.'-08 

During  this  investigation,  sonic  anomalies  occurred 
which  could  lie  explained  as  radiation  effects.  With 
pint -ami i am itrobemiciic  and  ptra-dicthylamino- nitro¬ 
benzene,  Nos.  32  and  33  in  Tallin  V:  13.  a  double 
peak  appeared  immediately  instead  of  the  single,  peak 
expected  for  the  nitre  group,  Fig.  V:  38  a,  and  the  sample 
became  discoloured.  One  component  in  the  spectrum 
has  about  the  same  binding  energy  as  the  oxygen- 
carrying  nitrogen  in  the  azoxy  group  in  t  he  compounds 
Nos.  12  and  13.  This  would  indicate  that  an  azoxy 
compound  is  rapidly  formed  on  the  surface  of  the 
sample  upon  irradiation.  There  is  evidence  in  the  lit- 
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Fig.  V:35,  Nilrogon  J*  **le<  >  r*m  h|mh  <tuiii  fro»n  4  juniriO'4'- 
nitroazohnnzoiH!.81 

terature  that  a/.oxy  compound.  can  lie  formed  from 
certain  nitro  compounds  by  means  of  radiation. *M  8- 
nitrobcjizrncsulfonuniide,  Fig.  V:8Hb,  is  an  (example, 
of  a  molecule  containing  both  a  nitro  and  an  amino 
group  in  which  the.  nitro  group  is  unaffected  upon 
irradiation. 

Nome  unstable  eoiiipourids  gave  jieaks  with  expect¬ 
ed  binding  energies  but  beside  the  main  peaks  extra¬ 
neous  peaks  were  observed,  which  most  probably  were 
due  to  decomposition.  These  compounds  are  listed 
in  Table  V:  18,  Nos.  84  -81). 

Tetraethylammonium  iodide,  No.  84,  gave  an  extra 
peak  of  low  binding  energy  in  the  region  of  the  funding 
energy  of  triethylamine,  probably  d  ie  to  decomposi¬ 
tion.  This  compound  (84)  is  also  known  to  lie  sensitive 
to  light.  Some  of  the  alkylaininoiiiutn  chlorides  showed 


q  +0.70  -012  -012  +010 

Fig.  V :  .‘IS.  Kffert  of  conjugation  on  the  eat  elated  oliurges  for 
tin ■  nitrogen  atoms  in  4-aiidno-4,.niti,on/,ohcrixcne.lil 


a  tendency  to  lose  hydrogen  chloride  in  the  high 
vacuum,  ami  ammonium  chloride  evaporated  too 
quickly  to  allow  any  measurements  to  be  made. 

The  results  plotted  in  Fig.  V;  84  were  all  taken  from 
compounds  for  which  no  changes  were  observed  in 
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Fig.  V :  .'17.  Nitrogen  I  deaf  run  spectrum  from  p  tunino- 
hcnxono  sulfonamide  Bl 
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Table  V  :  13.  Compounds  showing  anomalies  duo  to  irradiation. 


Nr 

COMPOUND 

Calculated 

Charge 

Eb 

NIs 

32 

h2n-Ono2 

-0.42 
+  0.87 

398,7 

404.4 

406.0 

33 

(H3C)2N-sQb-N02 

-  0.18 
+  0.87 

398.3 

403.8 

405.2 

34 

.  v  @© 

(Et)4NI 

+  0.40 

397.1 

402.3 

35 

HN^NH 

-0.30 

398.5 

36 

HN^NH2Ct 

-  0.30 
+  0.10 

400.0 

401.7 

37 

H2N-O"S03Na 

-0.42 

398.1 

38 

r^V-NOs 

kJ-SNhh 

+  0.87 
-  0.42 

405.5 

399.1 

39 

N02 

k^-SN  Glut 

+  0.87 
-0.31 

405.1 

398.8 

the  samples  ci uriiif'  the  measurements.  Deviations 
from  tin1  general  eorrelat ion  in  (In'  figure  may  have 
t hr  following  cxplanal  ions: 

1.  (Inccrtaiiilicx  in  tin  calculation  of  chart/e*.  As  Inis 
linen  pointed  oiii  oii  j I.i  gi ■  Hit!  t hr  calculat  ion  of  pitr! i:t j 
ii  nic.  ehiirurtcr  is  .inly  strictly  valid  for  singly  liornd 
diatomic  molecules.  In  fuel,  the  electronegativities  of 
atoms  ii  re  affected  not  only  liy  charge  !mt  also  by 
the  kind  of  oibitals  nl iliv.cil  for  liond  formation,  son 
Apimndix  Iti,  Tho  cleelronegat ivilioa  used  are  average 
•lectronegutiviticH  for  all  typos  of  IioikIh.  This  moans 
that.  charges  oalonlatod  for  bonds  greatly  differing  in 
typo  of  bonding  me  not  str'cl  ly  oom  para  Ido,  A  olnaor  in- 
spoofinn  nf  'I'abln  V:  I  I  from  this  point  of  view  rovoala 
that  compounds  with  widely  varying  typos  of  bybridi 
/at inn  mi  tho  nil rngen  atoms  have  boon  used  for  out uli- 


lishiug  tho  oiirrolatinn.  The  nnoortailltios  in  the  electro¬ 
negativities  caused  by  different,  typos  of  bonding  do 
therefore  lint,  hooiii  In  ho  of  sufficient  magnitude  In  ex¬ 
plain  any  largo  deviations,  except  possibly  in  points 
Nos.  !  and  'J  which  lcpiescnl  types  nf  bonding  greatly 
differing  from  t tint,  of  the  other  compounds, 

2.  Cri/Mnl  ( Ifirln.  .  As  was  discussed  in  Sections  V;  2 
and  V  :!l  there  is  a  cnnsideraldc  eoiitribllt  ion  from 
tin-  crystal  potential  to  the  energy  shifts  of  core 
eleel  lolls  between  a  free  atom  and  an  atom  in  U chemi¬ 
cal  compound,  If  the  degree  of  ionicity  of  the  bonds 
is  large  and  if  (tic  bund  distances  arc  very  diffe¬ 
rent  for  tlie  same  clement  in  different  chemical  com¬ 
pounds  tbc  crystal  potential  contribution  may  ob¬ 
scure  the  eorrelatiun  between  atomic  charge  and  bind¬ 
ing  energy  of  a  core  electron.  In  fact  it  is  rather  sur- 
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I*' i K *  Vd'H.  Nitrogen  I*  eteetroii  Hpertra  from  (n) // umiiiniii- 
trotieii  .fiii-  anil  (lij  Iloiil  rolii'ii/'-ht  Htilfoiiiutiiili'.  In  (n)  Hm  nil  ro 
gmiij.  nil  root'll  gives  n  dniilile  jn-nlt,  |>rnliiit>|y  dun  to  jilmio- 
ulii‘i  ill'll!  mind  inii-4,  wliiln  iii  (/>,  I  In-  nil rn  group  in  liiniffi'idi'd. 


prising  that  an  timid  a  eorrclnt imi  nsthul  of  l*’ig.  V:!H 
tan  lm  established.  Krri-  we  hIiiiII  only  draw  nltuntiiui 
to  thi'  fact  that  compounds  Non.  14  and  1(1,  a  Halt  arid 
a  neutral  eater,  having  the  Himie  oxidation  Ktate 
of  nitrogen,  both  show  a  large  ami  Himilar  deviation. 
If  the  deviation  had  hecn  due  solely  to  the  crystal 
potential,  one  should  have  expected  a  Hi^nilieaiit  dif¬ 
ference  between  these  compounds*. 

Electronic  relaxation  in  the  will'd  may  also  obscure 
the  eorrelat ion,  alt lioii^'h  the  emit ri  billion  to  the  energy 
KhiftH  from  electronic,  polarization  around  the  atom 
with  an  inner  ahell  vacancy  in  usually  iii  gligiblc.m 

*  iVo/f  mhli-il  in  jirinif :  Wlieii  elmrgc  ei  eiilculnteil  w i l-ll  tile 
ext  ‘inleil  llie-liel  ioetl.,,,1  (Hen  jingo  110)  mill  JiP-tti'fl  versus 
landing  energy  wn  nldnill  a  rectilinear  <  nrrelution.  Tl.ii 
inethnd  iiImo  iiHHigneH  I'lnugi'H  for  eimipiaiildn  Non.  I,  2,  1 1» 
mid  1(1  Unit  make  tliein  til  tlui  curie 


V :  Ttb.  ESC  A  shifts  of  sulfur 

Since  the  character  of  the  bonds  between  sulfur  and 
other  elements,  especially  carbon,  nitrogen,  oxygen 
arid  halogens  is  an  important  subject  in  organic  chem¬ 
istry  and  biochemistry,  electron  spectroscopic  meas¬ 
urements  on  a  large  number  of  organic  sulfur  com¬ 
pounds  arc  now  in  progress  with  t  he  aim  of  establishing 
a  charge-binding  energy  correlation  for  the  study  of 
sulfur  bonds  with  particular  emphasis  on  the  sulfur- 
oxygen  bond.  In  this  section  wo  shull  mainly  report 
the  results  of  the  measurements  made  to  date  and 
correlate  them  with  the.  charge  parameter  previously 
used.  Rome  relevant  results  obtained  by  the,  use  of 
this  correlation  will  also  he  briefly  discussed,  hut  the 
detailed  study  of  the  special  problems  in  sulfur  bond¬ 
ing  will  he  more  fully  dealt,  with  in  future  papers. 

A  discussion  of  the  correlation  of  ESC  A  chemical 
shifts  with  valence  based  on  earlier  data  from  mea¬ 
surements  on  inorganic  and  some  organic  sulfur  com¬ 
pounds  has  already  been  given  in  Section  V:4. 
These  measurements  were  made  on  the  sulfur  1.x 
shell  with  CuA'a,  radiation.'10  It  has  subsequently 
proved  more  advantageous  to  make  the.  measurements 
in  tlie  sulfur  shell  with  A I  A' a  or  MgA'a  radiation. 
The  measurements  on  the  sulfur  compounds  with 
which  we  are  now  concerned  have  been  performed  in 
this  shell.’19 

The  netting  up  of  the  binding  energy  versus  charge 
eorrelat  ions  has  been  based  on  the  simple  estimation 
of  charge,  using  the  concepts  of  electronegativity  and 
partial  ionic  character  of  bonds  according  to  I’auling, 
as  discussed  in  Section  V;4.  Some  refinements  in 
the  estimation  of  charge  which  are  based  on  the 
experience  gained  in  the  study  of  the  nitrogen  com¬ 
pounds,  Section  V:!ia,  have  been  introduced 

( 'ulr illation  uj  ciuirijr.  Eor  nitrogen  and  other 
elements  in  the  second  period  of  the  Periodic  Tuhle, 
which  obey  (he  octet,  rule,  the  estimation  of  charge,  is 
simple  and  straightforward.  The  smooth  correlation 
olilumod  between  binding  energy  and  charge  for  a 
large  series  nf  nitrogen  compounds"1,  indicates  that  the 
calculated  charge  reflects  the  influence  of  valence,  on  t  he 
binding  energy  in  a  meaningful  and  useful  manner. 

In  the  ease  of  Hulfur,  the  calculation  of  charge  be¬ 
comes  more  com,  lieuted  because  of  the  possible 
contribution  of  higher  orbitals  to  the  bonding,  thereby 
exceeding  the  octet  rule.  There  also  remains  the  con¬ 
troversy  about  the  role  of  sulfur  d  orbitals  in  for  in- 
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stance  sulfur-oxygen  bonds,  In  the  discussion  in 
Section  V:4  of  the  shifts  of  electron  binding 
energies  in  the  sulfur  Is  shell  u  fairly  good  correlation 
between  binding  energy  and  calculated  charge  was 
obtained  on  the  assumption  that  the  bond  number  in 
sulfur  compounds  was  governed  by  the  clectroiiou- 
trality  principle.  In  order  to  make  a  straightforward 
and  consistent  application  of  the  eleetroneutrality 
principle,  the  calculation  of  bond  number  was  based  on 
simple  valence  bond  structures  with  formally  neutral 
sulfur.  The  same  procedure  has  been  used  in  this 
section,  but  the;  calculation  of  charge  has  been  improv¬ 
ed  by  correcting  tie-  electronegativities  for  formal 
charge  as  described  for  the  nitrogen  compounds.61 
The  electronegativities  of  the  elements  involved  in 
the  sulfur  bonds  coneerncd  are  given  in  Table  V :  14 
and  the  partial  ionic  character  for  the  bonds  has  been 
listed  in  Table  V:  15. 

Charge— binding  energy  correlation 

The  results  from  the  measurements  on  the  8  2p  shell 
of  a  number  of  organic  sulfur  compounds,  taken  from 
various  series  of  compounds  under  investigation,  as 
well  as  results  from  some  inorganic  compounds  are 
given  in  Tables  V:l(i  V :  1 H.  (Some  results  obtained 
for  the  nitrogen  and  oxygen  Is  shells  are  also  listed 
in  these  tables.)  In  Table  W  ill,  the  average  binding 
energies  for  compounds  representing  the  same  sulfur 
structures,  and  to  which  the  same  calculated  charges 
consequently  are  assigned,  have  been  summarized.  The 
binding  energy  versus  charge  relationship  for  theBO 
structures  is  shown  in  Fig.  V  :.'19  (Filled  points),  An  ex- 
ecllent  rectilinear  correlation,  similar  to  that  which 
was  obtained  for  the  Sis  shell,  is  the  result.  The 
point  for  sodium  sulfide  (No.  I)  falls  outside  the 

Table  V :  14.  Electronegativity  values  of  elements  in- 
voiced  in  sulfur  bonds. 

The  electronegativities  of  eleinenlH  with  forum!  charge  have 
been  corrected  according  to  J'luiling,'74 


Jlcrncfit-  1 

101  ttrfrrj  negativity 

Kletnoiii 

Kleetroriegut  jvity 

H 

2.1 

K 

2.0 

<; 

2.6 

H 

2.2 

N 

inn 

8' 

2.H 

N  ’ 

3.3 

KM 

-  3.1 

O 

3.6 

Cl 

3.0 

o 

3.2 

V 

4.0 

o' 

3.S 

Na 

0.0 

Table  V :  7.5.  Partial  ionic  character  for  bonds,  derived 
from  the  relationship  by  Pauling.171 
The  signs  refer  to  the  calculation  of  charge  on  sulfur. 


Bond 

Partial  ionic 
character 

Bond 

Partial  ionic 
character 

S  ~Nh 

-0.47 

ns—  o 

-4  0.12 

S  -H 

-0.04 

2  ns— o 

4  0.04 

S  -C 

0 

+  S — O' 

4  0.04 

ns  -c 

-  0.02 

2  •  S  — () 

*  0.00 

2  ns  c 

-  0.00 

S--CI 

4-  0.06 

s  N 

-  0.00 

-Cl 

4-0.01 

S  N  «■ 

-1  0.15 

2  *  S  -Cl 

0.00 

ns  -n 

-t  0.01 

K  S 

0 

2  ns  -N 

*  0.00 

s  -s- 

-  0.02 

S  -<> 

d  0.22 

S  -  K‘ 

-1  0.02 

S  .()- 

-  0.12 

S  -S2* 

d  0.09 

S  -()  * 

d  0.35 

s  sat 

d-  0.18 

S  -H 

4  0.43 

general 

pattern.  Too  much 

importance 

must  not  be 

attached  to  this,  since  the  application  of  the  charge 
calculation  to  predominantly  ionic  bonds  in  a  crystal 
lattice  is  doubtful.  In  all  other  compounds  the  sulfur 
is  involved  in  predominantly  covalent  bonds,  to  which 
the  application  of  the  calculation  of  charge  iH  simple 
and  straightforward. 

Alsu  included  in  Fig.  V  :.’)!)  are  some  measurements 
on  liquids  and  gases  (open  points).  These  were  investi¬ 
gated  using  the  freezing  technique,  see  Chapter  VIII. 

More  positive  charges  than  those  represented  by  the 
filled  points  in  Fig.  V  :  111)  can  be  obtained  by  attaching 
fluorine  to  the  sulfur,  and  we  are  now  extending  the 
correlation  by  measurements  on  compounds  with  sul¬ 
fur-fluorine  bonds.  As  the  first  compound  in  this  series 
we  have  chosen  SOF2  in  which  the  calculated  charge 
oil  sulfur  ('/  I  .Hi))  is  still  about  the  same  as  the  highest 
charge  represented  by  sulfur-oxygen  compounds.  We 
then  found  that  if  the  flow  of  SOF2  gas  into  the  source 
housing  was  increased  the  oxygen  signal  disappeared 
and  a  new  and  broad  sulfur  line,  was  observed  at  a  con¬ 
siderably  higher  binding  energy.  Graphical  resolution 
of  this  line  in  two,  each  with  the.  width  normally  ob¬ 
served,  yielded  sulfur  'Lp  binding  energies  Kb  ■->  178.0 
eV  ami  Kh  - 175.1)  eV.  If  the  correlation  is  extrapolated 
towards  higher  binding  energies  (dashed  line)  the  cor¬ 
responding  charge  values  are  q  2.1  and  q  —  2.5,  res¬ 
pectively  (see  Fig.  V  :,'(!)).  This  indicates  that  the  SOK2 
contained  also  some  N2F10  and  SFa  (calculated  charge 
q-  2.15  and  q  2.58).  Sulfur hexafluoride  has  been 
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Table.  V  :  16.  Calculated  charges  (q)  ami  measured  binding  energies  for  a  series  of  sulfur  compounds.  The  sulfur 
to  which  the  given  data  refer  is  given  with  hold  symbols. 


Compound 


0.60  160.8  530.7 


H-  S  -  CH2  CH(NH3  )C0Cr 
H  -  S  -  CH2  CH  ( NHf  Cl®)  COOH 

H3C  -  S  - (CH2 )2  CH(NHf)  C00e 

H3C  ^Snj_  chnhcoch,  © 

<qch2-s-ch2© 

O-S~CH2CH2CH2S03Na 
<Q-S-CH2CH2CH2S03Na 
NH2 
Cl  Cl 

Cl-Q-S-CH2C00H 


4b  1 

®OOC(NHf)CHCH2-S-S-CH2CH(NHf)COOe 

162.7 

530.3 

2 

f“VCH-C00H 

S-^  vNHC0CH3 

0 

162.7 

531.8 

3 

©CH2-S-S-CH2© 

162.8 

4c 

S8 

0 

162.2 

6  1 

^  i  a  »  /  V’n 

UwN-b-NwO 

iro  c 
IU  6.J 

con  O 

UJ  1  \J 

2 

o:^g;N-s-Nc“^Q) 

+  0.13 

164.3 

531.7 

0 

m 

10  1 

©ch2-s-ch2© 

+  0.44 

164.9 

530.5 

2 

o=sCc=-o 

164.9 

531.4 

3 

0=5CC  =  0 

1650 

530.9 

Tabln  V  :  Hi.  (6Tonf.) 


No 

Compound 

q 

S2p 

01s 

12  1 

OSO?Na® 

-0.56 

165. A 

530.9 

2 

ClO-SOfNa® 

165.5 

531.2 

16 

Naf[S03]® 

+0.68 

165.8 

531.3 

25a 

o=s;“l°:s=o 

+0.88 

167.0 

531.5 

25b  1 

HjCOSOj-ON-O 

HjCO-SOj-ON 

+0.88 

167.2 

531.6 

26a  1 

ClO-CH2-S02Cl 

167.3 

531.5 

2 

(S^Y'S02CI 

H2N'V'S02CI 

Cl 

+  095 

167.3 

531.4 

26b  1 
2 

ClOCH2-S02NO 

h2n(>so2nh2 

+  0.95 

167.2 

167.3 

531.7 

531.9 

27  1 

OS(CH2)3-S03Na 

167,1 

531.3 

2 

QS(CH2)3-S03Na 

+  1.00 

167.5 

531.8 

nh2 

3 

H2NQ-S03Na 

1670 

531.6 

32  1 

NaffSOj® 

167.7 

531.6 

2 

Fe@[SO4]0 

+  1.12 

168.0 

531.8 

3 

(Fe)3(SOt)3 

168.3 

531.1 

36 

Dextran -0S02  C^Ncf 

+  1.22 

1687 

5314 

38  a 

o  o 

\'V 

LO 
/  \ 

OO 

+  1.32 

168.6 

532.5 

62 

u  p  ® 

^:s-och2ch2ch2-so? 

+  1.07 

167.6 

531.3 
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CALCULATED  CHARGE  (q) 

Fig.  V:30.  Binding  energy  for  tho  Hiilfur  2}t  cleclrmiH  versus  calculated  charge.  Tho  correlation  in  obtained  from  morn  than 
nighty  compounds.  Killed  point h  indicate  averages  from  compounds  Htudiod  in  tho  solid  pliant)  at  room  tcin|ierature.  Open  points 
represent  liquids  and  gases  studind  with  tho  (rowing  toohnic|uo. 

Htudied  recently  in  Berkeley  und  the  preliminary  re-  charge  Nettle  can  he  covered  with  tt  much  more  homo- 

HultH  for  the  2  p  binding  energy  seem  to  agree  with  the  geneouH  aeries,  and  for  various  reasonH  a  Hence  of 

extrapolated  value  in  Jig.  V:  J(t.m  nitrophcnyl  substituted  sulfur  coinpoundH  Iiiih  been  j 

N ilntphenyl  substituted  sulfur  amtptrund s.  -  In  chosen  for  special  Mtudy,  hoc  'J’uhlo  V:17  and  Fig.  j 

establishing  the  correlation  between  binding  energies)  V  A1).  I 

and  eitlculated  charge  in  the  nitrogen  HerioH  it  was  Since  the  carbon  1  a  line  from  the  pump  oil  in  used  | 

necessary  to  use  a  vc.ry  mhomogenoouH  HericH  of  com-  for  calibration,  thiH  may  be  affected  to  Home  degree  by 

jtounds  in  order  to  cover  a  wide  charge  range.  Becauae  the  carbon  cotn|toiicnts  in  the  cornjtound  understudy, 

of  the  chemical  versatility  of  sulfur  a  large  range  of  the  For  a  refined  treatment,  it  is  therefore  of  impor-  j 
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Tahir  1' :  17.  Calculated  charges  (q)  and  measured  binding  energies  for  a  series  of  nitrophcnyl  substituted  sul¬ 
fur  compounds. 
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No 

Compound 

q 

S2p 

01s 

NIs 

4a  7 

o2n®-s-®no2 

0 

162.6 

532.3 

405.0 

7 

.n°2 

O-SOCHj 

+0.22 

164.2 

532.6 

12  3 

02  N  SOfNa® 

165.2 

530.9 

532.9 

404.9 

4 

°zN£>-SO?Na® 

+0.56 

164.9 

530.8 

532.1 

5 

,  no2 

O-  SOfNa® 

165.1 

5310 

5328 

25b  2 

°2Nv 

502-CH3 

167.1 

531.9 

4050 

3 

O2N0-SO2-® 

+0.88 

166.9 

5319 

405.2 

4 

02N®-S02-ON02 

167.0 

531.9 

4048 

26a  3 

°2Ns 

f>S02Cl 

+095 

1668 

5316 

4049 

27  4 

OjNO- SOfNa® 

+1.00 

167.1 

531.7 

405.5 

31 

o2nQ-so2och3 

+  1.10 

167.5 

5321 

4052 

51 

j2n£>sso2^Qno2 

:  0 
1+0.88 

1633 

1673 

532.1 

405.0 

tancc  that,  the  carbon  components  in  the  com|s>uuds 
compared  are  identical.  Such  a  carbon  reference  is 
provided  by  the  nitrophcnyl  group  in  the  nitrophcnyl 
substituted  compounds  shown  in  Table  V  ;  17.  Although 
the  list  is  not  yet.  complete,  the  binding  energy  »>.  charge 
plot  for  the  compounds  measured  to  di.'e  is  given  in 
Klg  V:4I.  In  this  figure,  the  binding  energie.  for  the 
nitrogen  in  the  nitro  group  have  also  been  included. 

The  nit.ro  substituent  was  included  in  order  to  in¬ 
vestigate  whether  any  substituent  effects  from  the 
various  sulfur  groups  on  the  nitro  group  could  be 
detected  in  the  hi  mug  energy  of  nitrogen.  It  can  be 
seen  from  the  figure  Ilia'  if  any  such  effect,  is  present, 
it  iH  very  slight.  This  result,  is  well  in  accordance 


with  the  results  obtained  for  the  nitro  group  in  the 
nitrogen  series,  see  Table  V:  I  I. 

The  filled  points  in  Fig.  V:41  represent  compounds 
for  which  the  calculation  of  charge  is  based  on  un¬ 
equivocal  structures,  and  the  unfilled  points  represent 
uncertain  structures  under  study.  If  the  charge  assig¬ 
ned  to  the  sulfur  in  the  ort/oe nitrobeii/.enesulfenic 
ester  (No.  7)  is  based  on  structure  1,  Ibis  point  deviates 
considerably  from  the  con  elation.  'The.  observer! 
binding  energy, which  corrcsjHinds  to  a  charge  of  i  0,4, 
agrees  with  Structure  II,  for  which  there  is  evidence 
in  the  literature  based  on  X-ray  diffraction  measure¬ 
ments.1"1' 

In  the  thinlsulfonatc  (No.  51b. 4)  the  divalent  sulfur 
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Kig.  V  :  40.  Kloolron  Hpoctni  of  Homo  nifrophonyl  HuOnfifuioO  Hiilfur  cornjifmixlH  oxcitod  by  AlA'y. 
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Kig.  V:  |J.  liinding  <  n  ngy  for  Um  Hiilfur  (duotrons  mid  nitrogen  olertroiiB  vnrmw  onlrulnlfd  cli oge  in  a  umi'H  of  nitro 
l>)iony1  HiilmtituU'd  hii) fur  romjwiundH, 
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K  -Of II, 

k  / 
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■i  :  (1.22 


<>  o 
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N  i 

/  '■  i 

y  S  OOH, 

v  y 

II 

-(  <1.44 


i«  directly  attached  fo  iin  electron  attracting  mdfonvl 
group.  It.  could  therefore  he  expected  Mi  have  a  higher 
binding  energy  than  the  aulfur  in  hinnitroplicnyl  hu I- 
fi(le  (No.  4a. 7).  Thin  alao  seem,  to  he  the  ciihc  and  could 
he  explained  in  terms  of  contrihutionH  frori  Struc¬ 
ture.  IV  to  the  rcHonance  hybrid. 
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Tat)!*  V :  IS.  Calculated  charges  and  measured  binding  energies  for  a  series  of  sulfur  compounds  with  sulfur  of 
different  oxidation  states  in  the  sumo  molecule.  The  sulfur  to  which  the  given  data  refer  is  given  with  bold  symbols. 


No 

q 

S2p 

01s 

50 

[S-S03]@  Naf 

-0.24 

160.9 

51a  1 

e00C(NH®)CH  CH2-S-SO-CH2CH(NH3)COOe 

162.1 

3 

Och2-s-so-ch2<q 

0 

162.7 

2 

s-so 

HO^OH 

162.1 

531.1 

51b  1 

eOOC(NHt)CHCH2-S-S02-CH2CH(NHf)COOe 

162.5 

530.4 

3 

®CH2-S-SO2-CH20 

162.9 

532.6 

4 

o2n®-s-so2-ono2 

0 

163.3 

532.1 

2 

s-so2 

HO^OH 

162.7 

5314 

51c 

ClOCH2-S-S0fNa® 

0 

1628 

5318 

52a  1 

eOOC(NH3)CHCH2-OS-S-CH2CH(NHf)COOe 

164.4 

530.4 

3 

Och2-os-s-ch2® 

+  0.44 

165.2 

531.9 

2 

os-s 

HO^OH 

1648 

531.1 

53 

N  a®(  e02  S  -  SOf  ]  Na® 

+  0.56 

<167.5 

5320 

54 

[03S-S]©  NaJ 

+  0.84 

166.9 

55a  1 

eOOC(NH®)CH  CH2-02S-S-CH2C  -i(NHf)COOe 

167.1 

530.4 

3 

Och,-o2s-s-ch2o 

+  0.88 

167.2 

532.6 

2 

025-S 

HO^OH 

_| 

1669 

531.4 

56a 

Na®e03S-5-CH2OCl 

m 

m 

531.8 

56b 

Na®[e035-S0f  ]Na® 

m 

>167.5 

5310 

Considering  the  groat  difference  between  the  cal-  Thiolsulfinutes  and  thiokulfonates  are.  being  studied 

culated  charges  on  the  divalent  sulfur  in  the  two  strue-  in  connection  with  the  problem,  why  oxidation  of 


tures,  the  contribution  from  Structure  IV  seems,  how- 


thinlunlfiniip.o  invariably  yields  thiolsulfonates  and 


ever,  to  he.  very  small. 


never  disulfoxides.  Some  results  are  shown  in  Table 


ThiolaulftmuttH  and  same  related  compounds. 


V :  1 8  together  with  results  from  some  related  com 


120 


NET  COUNTING  RATE 


BINDING  ENERGY  j 

Fig.  V:42.  Electron  HpcH'tra  of  dibonzyldinulfido  ami  tbo  rorronponding  thioitmlfiimtc  and  thiolsulfunate.  The  ehift  in  binding  j 

onorgy  upon  oxidation  of  milfur  iH  flhown  for  tho  2 p  level  of  sulfur,  ] 
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Fig.  V:43.  landing  energy  for  tho  Hulfur  ‘2p  electrons  versus  calculated  elmrg©  in  a  series  of  sulfur  compounds  containing 
S-  8  bonds. 


pounds  in  which  divalent  sulfur  is  directly  attached 
to  an  oxygen-carrying  sulfur.  These  results  are  also 
summarized  in  Table.  V' :  10  and  have  been  plotted 
against  calculated  charge  in  Fig.  V  :43,  where  tho  cor¬ 
relation  line  is  that  from  Fig.  V:39.  All  the  values 
for  the  oxygen-carrying  sulfur  fit  the  correlation, 
whereas  an  increase  in  the  number  of  oxygens  attached 
to  the  oxygen-carrying  sulfur  adjacent  to  the  divalent 
sulfur  results  in  an  increased  binding  energy  for  the 
divalent  sulfur  moiety.  In  the;  nitro  substituted  thiol- 
sulfonate,  this  effect  may  probably  be  significantly 
enhanced  by  the  substituent  effect  of  the  nitro  group. 
The  dWalent  sulfur  moiety  in  a  llunte  salt  (Nos,  51  e, 
Aba),  included  for  comparison  shows  an  analogous 
behaviour. 

The  F3SCA  spectra  of  compounds  41; .3,  51a. 3,  and 
51  b.3  are  shown  in  Fig.  V:42. 

Thf.  structure  of  pi/rosulfite.  --  For  the  pyrosulfite 
ion  (Nos.  53,  50  b)  the.  two  structures  V  and  VI  are 
possible..  Structure-  V  has  been  proved  by  X-ray 


diffraction  measurements/10  The  electron  spectro¬ 
scopic  result,  is  in  full  accordance  with  this  structure. 
The  spectrum  is  shown  in  Fig.  V ; 44.  An  unresolved 
broadened  sulfur  line  was  obtained.  The  broadening 
corresponds  to  a  difference  of  I  .It  eV  between  the 
binding  energies  of  the  two  sulfur  atoms  and  a  charge 
difference  of  0.38.  The  calculated  charge  difference  is 
0.44  for  Structure  V.  The  mean  binding  energy,  107.0 
e V,  seems  somewhat  high  in  relation  to  the  mean 
charge.  This  could  possibly  In-  due  to  a  contribution 
from  Structure  Vila,  for  which  the  mean  charge  is 
higher: 
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Fig.  V : 44,  Tlio  sulfur  2/;  rliM-lron  lino  in  sodium  pynwulfito 
compiinsl  with  tlm  sulfur  2p  I'li'flron  linn  in  (milium  sulfiitr. 
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greater  length  of  the  S — S  bond  in  the  pyrosulfite211  as 
eompared  with  the  length  of  a  normal  single  >S — N  bond 
and  indicates  a  preponderance  of  Structure  \  lib.  A 
50%  contribution  of  Structure  Vllb  and  a  50%  con¬ 
tribution  of  V,  gives  a  calculated  charge  difference 
and  a  binding  energy  in  good  agreement  with  the  ex¬ 
perimental  values: 


'/mean 

"••r*»V  \  j  o  ‘Ml 

(l.flO  VII  b  J  ' 

V  +  0.78 

Vllb  +1.20 


0.34 

(0.38  found) 
0.44 
0.24 


■^'b  mean 

107.3 

(107.0  found) 
10(1.2 

108.3 


The  sulfur-oxygen  bond.  —  The  character  of  the  sul¬ 
fur-oxygen  bond  in  sulfoxides  is  an  interesting  pro¬ 
blem  in  organic  chemistry.  There  is  a  large  relative 
charge  difference  between  the  two  possible  Struc¬ 
tures  VIII  and  IX. 


VIII 
i/  I  0.44 


IX 

q  I  0.99 


However,  considering  that  the  contribution  from 
structures  of  type  IV  is  small  in  tile  thiolsulfonate  and 
related  compounds  discussed  above,  a  large  contribu¬ 
tion  from  Structure  Vila  seems  unlikely.  Since 
the  binding  energy  of  the  divulent  sulfur  in  compound 
51c,  in  which  it  is  attached  to  a  sulfinate  group,  is 
only  about  0.5  eV  above  the  normal  value,  it  seeing 
unlikely  that  the  more  electronegative  sulfur  in  the 
thionitc  moiety  in  V  should  increase  its  binding  energy 
more  by  attachment  to  t  he  thionate  group  than  does 
the  divalent  sulfur  in  5le.  The  experimental  binding 
energy  indicates  a  high  positive  charge  on  both  sulfurs. 
Moreover,  a  structure  containing  two  adjacent  high 
positive  charges  seems  to  be  consistent  with  the 
9  -  6711 03  A'ot <a  Actu  Utg.  Soc.  Sc.  Ups.,  Ser  IV.  Vol.  20.  Impr.  *9/u 


The  sulfoxides  measured  to  date  have  exactly  the 
same  binding  cmrgy  (Nos.  10.1  3),  This  binding 

energy  is  well  in  accordance  with  Structure  VIII. 
The  nearest  point  in  the  correlation  belongs  to  the 
sulfinate  group,  to  which  tile  Structure  X  has  been 
assigned. 

\ 

/  \  ° 

x  o 

X 


It  has  recently  been  shown  that  this  structure  is 
consistent  with  i  It  data.212  Thus,  in  the  region  where 
the  sulfoxide  is  expected  the  correlation  is  well  estab¬ 
lished,  and  from  the  data  at  present  available,  con¬ 
siderable  double  bond  character  must  be  ascribed  to 
the  sulfoxide  bond. 

The  character  of  sulfur-oxygcn  bonds  can  he  further 
exploicd  by  measuring  the  oxygen  binding  energies. 
Investigations  in  progress  substantiate  the  previous 
conclusions.  A  further  very  interesting  observation, 
relevant  to  this  problem,  can  be  obtained  from  com¬ 
pound  No.  02,  in  which  the  sulfonate  group  serves  as 
an  internal  standard.  Two  different  structures  can  bo 
1S67. 
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Kig.  V:4B.  Substituent  eifoct  in  spectra  from  the  sulfur  2 p  oioclron  shell  in  some  prupanosulfonic  acid  derivatives. 
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assigned  to  this  compound  (XL  and  XII).  It  is  unlikely 
that  the  oxonium  structure  contributes  substantially 
to  the  resonance  hybrid  because  of  the.  high  electro¬ 
negativity  of  oxygen.  The  charge  on  the  sulfonium 
sulfur  must  therefore  he  near  to  +  1  or  almost  the; 
same,  as  that  calculated  for  the  sulfonate,  group  as¬ 
suming  a  large  contribution  of  double  bond  character 
to  the  sulfur-oxygen  bonds  ( X 1 1 1 ). 
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If  a  Lewis  structure  is  assumed  for  the  sulfonate  group 
(XIV)  the  charge  heroines  twice  as  large  as  in  Struc¬ 
ture  XII 1  (  XI),  and  a  shift  of  at  least  5  eV  would 
lie  expected  between  the  sulfonium  sulfur  and  the 
sulfonate  sulf  ur.  The  sped  ruin  of  compound  No.  till  is 
shown  in  Fig-.  W4.r>n,  It  consists  of  an  unresolved 
sulfur  line  showing  relatively  little  broadening.  The 
binding  energy  of  the  sulfonate  sulfur  is  thus  close  to 
ihai  of  sulfonitiiii  sulfur  and  consequently  it.  carries,  a 
charge  similar  to  that  of  sulfonium  sulfur.  Since  the 
maximum  charge  which  can  he  assigned  to  the  sulfo- 
ilium  sulfur  is  •  1.07,  (his  result  is  inconsistent,  with  a 
Lewis  structure  for  the  sulfonate  sulfur,  which  gives 
a  charge  close  to  i  2.  This  favours  the  use  of  structures 
with  a  large  double  bond  contribution  for  the  cal¬ 
culation  of  charge. 

In  Table  \’;I0,  charges  calculated  from  I^cwis 
struct  tires  have  also  been  included  and  the  binding 
energy  r.  charge  plot  using  these  charges  is  shown  in 
Fig.  V:4(l.  In  this  plot  the  jiointH  are,  concentrated 
around  integral  values  of  charge,  except,  the  point  for 
compound  No,  (12  which  falls  completely  out.  of  inn 
pattern. 


Thus  only  by  assigning  substantial  double  bond 
character  to  the  sulfur-oxygen  bonds  is  a  consistent 
binding  energy — charge  correlation  ohtained  with  the 
simple  method  adopted  here  for  the  calculation  of 
charge.  This  result  supports  in  our  opinion  a  contri¬ 
bution  of  d„-p„  bonding  to  the,  sulfur-oxygen  link. 
Regardless  of  their  exact  interpretation  the  results 
definitely  show  that  charge  on  tile  sulfur  tends  to  bo 
neutralized  in  sulfur-oxygen  compounds. 

In  addition  to  this  it  can  be  mentioned  that  in  the 
case  of  sulfonamides,  results  have,  been  obtained, 
which  can  well  he  explained  in  terms  of  contributions 
from  structures  where  the.  nitrogen  is  double  bonded  to 
sulfur.*1  This  could  hardly  be  expected  for  nitrogen, 
if  it  did  not  also  occur  for  oxygen. 


Submiiue.nl  effects  on  divulenl  sulfur 

A  further  example  of  the  substituent  effect  on  diva¬ 
lent  sulfur  of  the  type  discussed  for  the,  thiolsulfonates 
and  related  compounds  can  he,  found  in  compounds 
Nos.  (1.1  and  (5.2,  the  spectra  of  which  are  shown  in 
Figs.  V  47 a  and  V  :47b,  respectively.  The attaehernent 
of  the  electron  attracting  amide  group  to  divalent  sul¬ 
fur  evidently  has  a  large  effect  on  the  binding  energy 
of  sulfur.  This  effect  can  best  be  explained  in  terms 
of  a  large  contribution  of  Struct  lire  XVb  to  t  he  reso¬ 
nance  hybrid. 
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In  <■< >11  ■ , .(>11 1 1< Is  Nils.  -la.  4 ,T»;  27.1 ,2  witli  the  sulfonate 
Ki’onp  i  mi  internal  Hiilfur  stiuiilard,  tin-  difference 
between  tin'  hindili)'  cncrj'ics  of  tin-  two  jm>:iUk  in  tin1 
spectra,  wliicli  arc  shown  in  I'ips.  Vnllihuiid  V:4f>r. 
can  lie  very  accurately  measured.  Tlic  substituent 
effects  of  substituents  in  the  hen/.enc  imp  oil  the  hind- 
ini'  energy  of  the  divalent  milfnr  can  tin-,  lore  he 
readily  ohaerveil  although  they  ale  Kinall.  The  suhsti 
tuent  effect,  of  the  nrlhn  amino  prniip  on  the  hindinp 


energy  of  the  sulfide  sulfur  (referred  to  the  sulfonate 
as  a  standard)  is  (1,7  cV.  'I’his  is  well  in  aeeordance 
with  the  known  electron  duuatiup  eharacter  of  an 
aromatic  o-  or  /e  amino  prnup. 
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iilimix  In  stnicltiriil  iniihli'iim 
In  addition  to  the  structural  studies  Inised  on  the 
(tiiantitat.ive  estimation  of  charge  inentioued  ahove, 
sonic  studies  iiased  on  (|iialitaUvc  aspects  of  the  elec¬ 
tron  spectra,  such  as  tin  shape  and  relative  intensifies 
of  the  electron  lines,  have  linen  made. 
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Table  V:19.  Summary  of  the  data  given  in  Tables  V:  16-18  giving  the  average  ding  energy  of  various 

sulfur  structures. 


Na,S 
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q  Lewis 
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1608 
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4a 
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r2n-s-nr2 

+  0.13 

+0.13 
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R-5-0R 
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Kig.  V  :  48.  Electron  spectrum  of  cystine.77 


In  the  case  of  cystine  diox  jilt'  gome  controversy 
about  the  structure  has  existed.  We  have  confirmed 
the  thiolsulfonate  structure  by  utilizing  the  fact  that 
two  sulfur  peaks  occur  in  the  electron  sj>eetrum.77 

In  insulin  selective  oxidative  cleavage  of  the  inter¬ 
chain  disulfide  bridges  can  be  effected.  Wc  have  fol¬ 
lowed  this  cleavage  by  observing  the  changes  in  the 
relative  intensities  of  the  sulfur  electron  lines  upon 
oxidation.*1 

The  thiolsulfonate  structure  of  cystine,  k '-dioxide.  — 
The  structure  of  disulfide  dioxides  has  been  the  sub¬ 
ject  of  recurrent  investigations  ever  since  the  first 
compounds  of  this  typo  were  prepaid  and  examined. 
2ia-si6  The  two  possible  structures  of  the  disulfide 
dioxides,  i.e.  the  disulfoxido  (I) 
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and  the  thiolsulfonate  (II)  structures,  have  both 
received  support.  Modern  evidence  based  on  IK 
B]>eotra  fuvours  the  thiolsulfonate  structure. 2,6  For 
certain  disulfide  dioxides  this  structure  has  also  been 
proved  by  chemical  evidence118  and  by  evidence  ob¬ 
tained  from  1\TMR  spectra, 2,7’!  18  and  the  thiolsulfonate 
structure  is  now  generally  accepted.211' 

However,  in  the  case  of  cystine  S-dioxidc  there  has 
been  some  controversy.  Utzinger  claims  to  have 
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Kir.  V :  49.  Klootrurm  from  tlio  2 p  wholl  of  nulfm-  in  eyHlino  K- 
dioxido  (a)  ami  nyHtino  (ft).  Tho  two  linen  in  («)  giv'o  oviHonro 
of  a  thiol  »ulfonato  ntrunturo  of  oyntirio  tt-riioxuin.  Tim  valonoo 
wtatoH  of  tho  sulfur  atonm  can  bo  riotorniimsl  from  the  spectra.77 

isolated  both  forms  I  and  I  I,  by  using  different  methods 
of  oxidation.220  The  assignment  of  structure  to  tho 
two  products  was  based  on  IK  spectra.  However, 
re-investigation  of  his  oxidution  methods  has  shown 
that  one  of  them  yields  a  mixture  of  eystino  8-di- 
oxide,  cystine  S-monoxide,  and  cystine.221  The  inter¬ 
pretation  of  the  IR  sjs-ctrum  of  the  pure  product  to 
which  was  assigned  the,  disulfoxide  structure  has 
recently  been  criticized  by  Block  and  Weidner,  ''ho 


made  an  extensive  reinvestigation  into  the  general 
problem  of  the  structure  of  disulfide  S-dioxides  using 
]R  and  Raman  spectra.222  According  to  their  inter¬ 
pretation  of  Utzinger’s  data,  his  spectra  are  consistent 
with  a  thiolsulfonate  structure.  They  recommend  that 
spectral  evidence  in  literature  for  the  disulfoxide 
structure  of  disulfide  S-dioxides  should  be  scrutinized. 

The  cystine  molecule  contains  two  equivalent  sulfur 
atoms: 

HOOC  -til  ~CH,- —8—  s— OH,—  CH--COOH 

I  I 

Nil,  NH, 

Fig.  V:48  shows  the  electron  spectrum  of  L(-). 
cystine  obtained  with  aluminum  A’a  radiation.  All 
elements  in  the  compound,  except  hydrogen,  are  seen 
in  the  spectrum  which  has  been  recorded  between  1)40 
eV  and  1490  cV  kinetic  energy. 

The  spectrum  shows  only  photoelcetron  lines  since 
the.  Auger  transitions  of  the  elements  in  question  have 
energies  outside  the  interval  shown  in  the  figure. 

At  zero  binding  energy,  i.e.  at  the  Fermi  level,  the 
intensity  has  decreased.  The  decrease  in  intensity 
occurs  at  the  top  of  the  valence  band  where  no  more 
electrons  are  available  for  the  photoelectric  process 
(see  Chapter  IV).  Since  the  specimen  is  in  this  case 
an  electrical  insulator  the  decrease  in  intensity  occurs  at 
a  distance  of  a  few  c,V  from  the  Fermi  level.  The  sulfur 
'Ip  subshell  is  observed  as  one  single  line,  which  has  a 
full  width  at  half-maximum  intensity  of  t2.fi  eV.  This  is 
consistent  with  the  equivalence  of  the  two  sulfur  atoms 
in  the  cystine,  molecule. 

In  tlio  disulfide  dioxide  in  which  two  oxygens  are 
attached  to  sulfur,  two  different  structures  may  be 
formulated.  If  one.  oxygen  is  attached  to  each  of  the 
two  sulfur  atoms  (I),  the  resulting  symmetry  with 
equivalent  sulfur  atoms  would  give  rise  to  single  lines 
in  the  electron  spectra  of  the  sulfur  atoms.  If  both 
oxygens  are  attached  to  one  of  the  sulfur  atoms,  i.e. 
if  the  disulfide  dioxide  has  the  thiolsulfonate  struc¬ 
ture  (II),  the  two  sulfur  atoms  having  non-equivalent 
structural  positions,  would  give  rise  to  two  different 
lines  in  the  electron  spectra  of  the  sulfur  atoms.  This 
is  actually  the  case.  Fig.  V:41)  shows  the.  electron 
spectrum  of  the  'Ip  suhshell  of  sulfur  in  Z,(-)-cystine 
8-dioxide,  recorded  with  aluminum  A’a.  Instead  of 
one  single  line  as  in  tho  symmetrical  L(-)-cystine,  two 
lines  are  now  obtained  from  the  2 p  subshcll  in  sulfur. 
One  of  the  lines  has  approximately  the  same  energy  as 
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the  cystine  S  line  and  the  other  line  has  an  energy  4.0 
e.V  lower.  Knob  line  has  a  halfwidth  of  about  2.. 5  eV. 
The  separation  is  of  the  same  order  of  magnitude,  as 
the  shifts  previously  observed  for  sulfur  atoms  with 
comparable,  differences  in  the  oxidation  stab's. 

The  electron  spectrum  of  cystine  S-dioxidc  obtained 
by  KSOA  therefore  gives  conclusive  evidence  for  the 
thiolsulfonatc  structure: 

O 

t 

1IOOC  ('ll  OH,  S  S  CH,  (II  ITOH 

I  *  I 

Nil,  O  Nil, 

This  evidence  is  more  direct  than  that  which  can  be 
obtained  front  IK,  Raman,  and  NMRspeetra,  since  the 
electron  spectrum  of  the  substance  contains  lines  from 
the  element,  sulfur  that  can  be  studied  separately. 

Oxidation  of  Insulin.  —  Insulin  was  oxidized  accord¬ 
ing  to  a  method  which  has  been  claimed  to  cleave  the 
two  interchain  disulfide  bonds  Ity  oxidation  tothosulfo- 
riate  stage  while  the  disulfide  bond  of  the  A  chain  (sec 
Fig.  1 : 12)  remains  intact.224  Fig.  V  :B0  shows  the  sulfur 
2 p  electron  line  from  different  sources  of  insulin. 
(The  total  spectrum  from  one  of  the  samples  was 
shown  in  Chapter  I,  Fig.  1 : 13).  The  sulfur  2p  spec- 
trum  from  unoxidi/.ed  insulin  (Fig.  V:50a)  has  one 
narrow  [leak  as  expected  from  the;  common  cha¬ 
racter  of  tile  three  disulfide  links  in  the  cystine 
components  (see  Fig.  1:12).  Oxidation  by  iodate 
caused  a  strong  shift  of  the  sulfur  electron  line  as  seen 
in  Fig.  V:50l>.  It  was  expected  that  this  shift  would 
concern  two-thirds  of  the  sulfur  atoms,  since  the  method 
employed  has  been  claimed  to  oxidize  selectively  the 
sulfur  of  the  t.wo  bridges  between  the.  chains  thus 
leaving  the  intruchuin  bridge  intact..  The  relative 
intensity  of  the  sulfur  lines,  which  showed  that  the 
amount  of  oxidized  sulfur  was  2  •  t  imes  the  amount  of 
the  unconverted  form,  is  in  satisfactory  accordance 
with  the  postulated  selective  oxidation.  A  sulfur 
spectrum  from  a  source  of  pork  insulin,  which  was 
oxidized  only  by  a  fraction  of  the  amount  of  oxidant, 
needed  to  achieve  the  oxidation  of  two  of  the  three 
disulfide  links  is  shown  in  Fig.  V:50e.  In  this  sjiee.t- 
rum  the  relative  heights  of  the  Hidfur  [teaks  is  accord¬ 
ingly  reversed.  The  fact  that  the  sulfur  shifts  in  F'igs 
V  :fii)h  and  V  :50c  are  approximately  the  same  as  the 
shifts  between  the  disulfide  and  sulfonate  oxidation 
stab's  of  sulfur  supports  the  pnstulab'd  mode  of  oxida¬ 
tion. 
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Kig.  V :  fj<>.  The  Miilfui  *lp  electron  line  from  different  Hotircot* 
of  irmulin,  (h)  utioxidixml,  (b)  oxidised  and  (c)  partly  oxidi/.od. 


V  :5  c.  ESC  A  shifts  of  carbon  and  oxygen 
Work  is  in  progress  to  establish  charge-binding 
energy  correlations  for  the  elements  carbon  and  oxygen 
and  b>  apply  ESCA  to  structural  problems  involving 
these  elements. 
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Fig.  V:r.l,  Tin'  carbon  1  a  lino  in  carbon  dioxide  und  benzene. 


Carbon. — In  a  series  of  carbon  containing  coi>i|>ouih1h 
chemical  shifts  of  the  name  order  of  magnitude  aw  in 
other  elements  have  been  obaervod.  Fig.  V:51  abowa 
the  carbon  la  level  ahift  between  aolidified  carbon  di¬ 
oxide  and  aolidified  benzene.  Fig.  V  :52  abowa  an  elec¬ 


BINDING  f  NF  KGY 

Fig.  V:52.  Kloctron  spectrum  from  ctbvl  chloroformiate. 
Throw  linos  arc  obtained  in  tho  carbon  la  spoctrum  wiiicb 
ap]>  iar  in  t'10  aaino  ordor  from  left  to  right  an  tho  carbon 
atoms  in  tho  atnieturo  that  him  boon  drawn  in  the  figure. 
The  different  valence  Htatoe  of  carbon  in  this  molecule  are 
tliUH  rcflecUal  in  the  KSCA  apixtlruin.  The  chlorine  2a  line 
is  also  soon.  It  is  much  broudor  than  the  carbon  Is  linos  lie- 
cause  of  the  l«igo  inherent  width  of  the  chlorine  2s  level. 

tron  spectrum  from  ethyl  chloroformiate.  The  different 
valence  statea  of  the  three  carbon  atoms  in  this  mole¬ 
cule  are  reflected  in  the  KS(  ).\  spectrum  and  the  broad 
2h  level  of  chlorine,  is  also  seen.  It  is  interesting  to 
compare  this  sjieetrum  with  those  of  ethyl  trifluoro- 
aeetate  (Fig.  I  :  10)  and  acetone  (Fig.  I  :  10).  The  largest 
shift,  S.2  eV,  was  observed  between  the  trifluoromethyl 
carbon  and  methyl  carbon  in  ethyl  trifluoroacetnte. 
Chlorine  is  a  substituent  in  ethyl  chloroformiate  causes 
a  0.0  eV  larger  shift  between  the  oxycarbonyl  carbon 
and  methyl  carbon  than  does  the  trifluoromethyl  sub¬ 
stituent  in  ethyl  trifluoroaeetute.  The  shift  in  earbonyl 
carbon  in  acetone  falls  between  the  shifts  of  curboxy- 
ethyl  carbon  and  oxymethylene  carbon  This  sequence 
of  shifts  is  in  accordance  with  tin;  group  electronega¬ 
tivities  of  the  ligands. 

There  also  seems  to  be  a  shift  between  elemental 
carbon  in  the.  forms  of  graphite  and  diamond.  This 
could  either  be  due  to  crystal  effects  or  to  the  dif¬ 
ferent  types  of  hybridization  in  graphite  and  diamond 
or  to  both. 
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A  preliminary  charge-binding  energy  correlation  for 
carbon  is  shown  in  Fig.  V :  5,‘T .  With  the  charge  cal¬ 
culation  based  on  average  electronegativities  one 
distinguishes  two  rectilinear  correlations,  one.  for  sp2- 
hybridized  carbon  (open  squares)  and  one  for  sp’-hy- 
bridized  carbon  (filled  squares).  When  the  orbital  elec¬ 
tronegativities  of  Hinze,  and  Jaff(5,B#  (see  Appendix  16) 
arc  employed  these  lines  tend  to  coalesce  to  one.*  ft  is 
thus  obvious  that  the  differences  in  electronegativity 
caused  by  hybridization  are  reflected  in  the  electron 
spectra,  and  carbon  seems  to  be  a  suitable  element  for 
the  study  of  the  effects  of  hybridization. 

Oxygen.  — ESCA  data  are  also  being  collected  for  oxy¬ 
gen  (see  Tables  V  :  16 -V  :  18),  but  we  have  not  yet  made 
any  attempts  to  cover  a  large  range  of  charge.  However, 
shifts  of  the  same  order  of  magnitude  per  charge  unit 
as  in  other  elements  have  also  been  observed  in  oxygen 
An  example  of  an  oxygen  shift  is  given  in  Fig.  V  :  54, 
which  shows  the  electron  lines  from  oxygen  in  sodium 
para- nitrobenzene  sulfinate  (No.  12.3  in  Table  V  :  17). 
The  sulfinate  oxygen  has  by  comparison  with  the  Ri>ee- 
tra  of  unsubstituted  sodium  benzenesulfinate  arid  nitro¬ 
benzene  been  shown  to  be  the  most  negatively  charged 
of  the  two  oxygens.  This  is  in  accordance  with  what 
could  be  expected  from  the  usual  charge  calculation, 

V  :  6.  ESCA — u  Surface-  Method 

Electrons  with  energies  of  a  few  keV  or  less  pene¬ 
trate  only  very  thin  layers  of  solid  matter.  Range- 
energy  curves  for  electrons  in  the  keV  region  are  about 
the  same  for  different  materials226  when  the  range,  is 
expressed  as  mass  per  unit  area;  for  electrons  with 
kinetic  energy  600  eV  it  is  10  b  g  cm  2.  Thus  a  thickness 
of  aluminum  of  4(H)  A  will  totally  absorb  the  energy. 
Fhotoeiecti  ons  produced  by,  for  example,  aluminum  K a 
emerge  from  a  surface  layer  of  a  few  hundred  atomic 
layers.  The  fraction  that  emerges  without  energy  loss 
becomes  exceedingly  small  as  this  depth  is  approached. 
The  average  depth  at  which  those  electrons  are  pro¬ 
duced  that.  one.  observes  in  the  electron  lilies  imiy  be 
only  a  few  tens  of  A.  This  is  illustrated  in  Fig.  V  :5b 
which  shows  an  electron  line  from  iodine  obtained  from 
three  multilayer  samples  of  different,  thickness.  It  is 
jxiKsible  to  build  up  multilayers  of  many  long-chain 

Kig.  V :  M.  Tho  u  electron  lino  of  oxygen  from  sodium  jxirn- 
nitiobonzono  sulfinaie.  Tho  onorgy  shift  Imtwoon  the  nitro 
ami  sulfinate  oxygon  is  2.0  oV. 

*  Nolf  added  in  proof:  When  applying  the  extended  llut-kol 
method  for  calculation  of  chargo  wo  obtain  one  rectilinear 
correlation. 
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Fig.  V :  55.  The  3<J»;a  electron  lino  from  iodine  in  three  different 
multiloyor  samples.  They  eoiiBiat  nf  1,  3,  end  10  doublo-lnyom 
of  a-iodostcaric  acid.  respectively. 


compounds  on  solid  surfaces  from  monolayers  deposits  I 
on  water217-22*,  arid  it  has  been  shown  that,  for  oxiunjilc, 
a  replacement  of  methyl  groups  in  fatty  acids  by 
bromine  or  iodine  atoms  does  not  generally  influence 
the.  molecular  arrangement  in  the,  solid  state.  The 
samples  in  Fig.  V  :5fl  were  made  from  a  monolayer  of 
very  pure  iodostearie  acid,  dispersed  oil  a  water  sur¬ 
face.  Multilayers  were  built  up  from  this  monolayer  on 
chromium  plated  brass  slides  by  dipping  them  in  the 
water*.  The  samples  consisted  of  one,  three,  and  ten 
molecular  double  layers,  respectively,  see  Fig.  V : />/». 
Kach  double  layer  was  40  A  thick  anti  contained  one 
iodine  atom  over  an  area  of  ten  square  Angstrom.  The 
total  amount  of  iodine  was  less  than  10  8  g  in  sample 
(a)  blit  was  sufficient  to  give  a  net  counting  rate  of 
20  counts  j>er  second  at  the  peak  of  the  iodine 
electron  line  (aluminum  Koc  radiation),  which  illu¬ 
strates  the  sensitivity  of  the  method. 

As  the  number  of  double  layers  was  ineteased  from 
one  to  three  (sample  (b))  the  counting  rate  increased, 
hut  not  by  a  factor  of  three.  When  the  number  of 
layers  reached  ten  (sample  (c))  the  intensity  had  only 
increased  by  a  factor  of  3.1).  This  indicates  that,  the 
electrons  of  the  KS0A  line  were  emitted  from  an  aver¬ 
age.  depth  of  less  than  100  A. 

Since  the  general  features  of  the  molecular  packing 
in  fatty  acid  layers  can  he  determined  by  A -ray  diff¬ 
raction  methods,  physical  methods  for  examining  the 

*  Wo  th fink  Doount  K&ro  Larnson,  I)<*pt.  of  Moilioal  Bio- 
«lmini«tr3r,  (Jotoborg.  for  making  thn  rmiltiUtyor  sampler  for  uh. 
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molecular  packing  in  phase  boundaries  can  be  tested 
using  multifilms  of  fatty  acids  as  models. 

Another  experiment  to  study  molecular  layers  by 
ESCA  was  made  on  two  multilaye-s  that  were  “la¬ 
belled”  with  bromine.74  Two  samples  with  200  mole¬ 
cular  layers  of  DL-a- broinostearie  acid  were  built  up  on 
chromium  plated  brass  slides,  and  two  layers  of 
“unla belled”  stearic  acid  were  deposited  on  one  of 
them.  The  long-spac.ings  of  the  multifilms  were  deter¬ 
mined  by  X-ray  diffraction  using  On l(a  radiation. 
The  molecular  packing  in  the  surface  films  according 
to  the  X-ray  analysis  is  illustrated  in  Fig.  V  :5(>. 
I’hotoeleetrons  expelled  by  A I  Ka  radiation  from  the 
l.v  shell  of  carbon  and  the  '.irl  shell  of  bromine  were 
studied. 

No  signal  was  obtained  from  the  ebromium  backing 
but  well-defined  bromine  lines  were  recorded  from  both 
samples  showing  that  a  film  of  8(MK)  A  thickness  gives 
complete  shielding  whereas  atoms  covered  with  about 
50  A  of  organic  material  can  he  detected  by  ESCA. 
The  most  interesting  result,  however,  was  the  relative 
intensities  of  the  bromine  and  carbon  signals  from  the 
two  samples.  As  seen  in  Fig.  V:57,  the  ratio  of  the 
bromine  to  carbon  signals  was  three  times  smaller  for 
the  slide  where,  the  a-biomostearie  acid  was  covered 
with  two  layers  of  stearic  acid  (sample  (a)).  The 
bromine  line  was  also  shifted  towards  lower  kinetic 
energy  by  about  I  eV.  This  could  be  a  crystal  field 
effect  (Section  V:2)  if  convergence  of  the  Madelung 
constant  requires  more;  than  a  few  Angstrom  of  length. 
{Such  a  surface  correction  has  been  suggested  by 
Fadley  et  a/.201,223  Elec  tron  spectra  like  those  of  Fig. 
V:f>7  can  be  very  useful  for  the  study  of  molecular 
packing  and  the  occurrence  of  defects  in  monomole- 
cular  layers.  A  larger  part  of  the;  bioimiie  spectrum 
from  sample  (b),  including  some.  Auger  transitions,  is 
shown  in  Fig.  V  :58. 

ESCA  is  thus  a  surface  method  in  the  sense  that  it 
yields  information  on  the  atomic  and  molecular  struc¬ 
ture  to  a  depth,  say,  of  100  A.  It  is  not  limited  to  the 
first  few  Angstroms  as  is,  for  example,  the.  FEED 
method  (Ley.-  Energy  Electron  Diffraction),  although 
one  call  by  ES(  1a  obtain  information  even  from  a  tno- 
noatomic  surface  layer.  These  features  of  ESCA  are 
obviously  of  special  interest  in  the  physics  and  chem¬ 
istry  of  surfaces. 

Earlier  attempts  to  use  X-ray  photoelectron  spectra 
for  the  study  of  built-up  films  reported  by  Steinhardt 
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Fig.  V:!»7.  Kloetron  lines  from  carbon  and  brimine  in  the 
samples  shown  in  Fig.  V:56.  The  relative  intensity  of  the 
bromine  line  to  the  carbon  lino  is  tbreo  times  smaller  when  tlio 
a  broinostonrin  acid  is  covered  with  two  layers  of  stearic  acid.'* 


and  Scrfass230  gave  little  information  since  their  reso¬ 
lution  was  insufficient  to  yield  a  true  line  spectrum. 
■Similar  studies  have  also  been  reported  by  Henke.231 


V:7.  Elemental  Analysis 

Each  element  in  a  chemical  compound  makes  a 
characteristic  contribution  to  the  electron  spectrum. 
It  is  therefore  possible  to  make  a  qualitative  elemen¬ 
tal  analysis  from  the  positions  of  the  lines  in  the  elec¬ 
tron  spectrum.  We  have  also  found  that  a  quantitative 
elemental  analysis  of  a  compound  can  he  made  from 
the  intensities  of  the  lines  in  the,  electron  spectrum. 
Fig.  V:59  shows  some  of  the  electron  spectra  that 
were  recorder!  in  our  first  attempt  to  study  quantitu- 
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Fig.  V  r58.  Kloctron  spectrum  from  uainplo  ( b )  in  Fig.  V:50,  showing  both  photooloctron  and  Auger  electron  lines  from  bromine.  j 

j 

(It)  Energy  dependence,  nf  attenuation  for  electron* 
emerging  from  the  irradiated  sample 

On  emerging  from  the  sample,  the  electrons  suffer 
energy  losses.  Since  these  losses  occur  in  discrete 
amounts,  some  electrons  leave  the  sample  without 
any  loss  of  energy.  These  electrons  form  the  lines  on 
which  the  measurements  are  made.  The  fraction  of 
electrons  that  fall  outside  the  recorded  lines  increases 
with  decreasing  kinetic  energy  of  the  electrons.  This 
will  tend  to  favour  elements  of  low  atomic  number  in 

the  photoelectron  spectra.  j 

(c)  Detector  efficiency  ] 

In  our  first  measurements,  we  used  GM-detection  1 

without  poBtacccleration  and  the  window  cut-off  thus  1 

put  a  lower  limit  of  around  3  keV  to  the  electron 
energies  that  could  be  detected.  For  a  given  characte¬ 
ristic  X-radiation,  and  for  a  photoelectric  effect  in,  1 

say,  the  K  shell,  there  is  then  an  upper  limit  for  Z  above 
which  the  detector  efficiency  becomes  zero  The  fall  of 
detector  efficiency  down  to  zero  occurs  over  several 
atomic  numbers. 

The  corrections  (a)-(c)  foi  the  observed  line  inten¬ 
sities  were  determined  empirically  from  a  set  of  com-  j 
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tively  the  elemental  composition  of  a  sample.48 
Sodium  sulfate,  sodium  carbonate',  and  silicon  car¬ 
bide  were  chosen  as  test  substances  and  electron  sjs'etra 
were  produced  by  chromium  and  cop[>cr  X-radiation. 
The  observed  line  intensities  had  to  be  corrected  for 
the  following  effects: 

(a)  Z-dependence  of  photoelectric  crews  section 

Empirically  it  has  been  found278  that  the  attenua¬ 
tion  cross  section  can  be  written  as 

H=cZ*X3  +  b  (8) 

Here  the  first  term  ill  the  expression  can  be.  identified 
with  the  photoelectric  absorption  and  the  second  term 
with  the  scattering  if  the  latter  is  assumed  to  be 
independent  of  wavelength.  The  /^-dependence  for  the 
photoelectric  part,  of  the  cross  section  will  “favour” 
elements  of  high  atomic  numl>or.  (The  exponent  in 
the  ^-dependence  has  not  been  exactly  established; 
the  value  given  in  cq.  (8)  is  merely  chosen  as  a  moan 
of  several  suggested  values.  The  approximate  variation 
of  the  mass  absorption  coefficient  with  Z  for  a  number 
of  radiations  frequently  used  in  ESCA  measurements 
is  given  in  Appendix  7.) 
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Fig.  V:69.  Electron  spectra  from  SiC,  Na,CO,  and  Na^SO,.'*  A  quantitative  elemental  analysis  of  tlio  compounds  can  bo  made 
from  the  intensities. 
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Tablt  V  :20.  Relative  amounts  of  carbon,  chlorine,  anti 
•sulfur  ns  obtained  from  tno  IOKCA  spectra  of  some 
organic  coiii])oun<ls. 
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pounds  of  known  composition,  and  the  calibration 
curve  obtained  was  then  used  to  evaluate  the  relative 
amounts  of  the  constituent  elements  in  the  test,  samp¬ 
les.  The  result  of  the  analysis  was  correct  to  within 
ft  to  iO  %.  An  excess  amount,  of  oxygen  was  found 
that,  was  probably  due  to  surface  absorption  of  oxygen 
and  to  traces  of  humidify  left  in  the  sources. 

In  Table  V:20  and  Table  V :  2 1  some,  other  data 
showing  the  potentialities  of  USOA  for  quantitative  ele¬ 
mental  analysis  have  been  collected.  The  electron 
spectra  from  which  the  data  for  these  tables  were 
obtained  are  shown  in  Figs.  V : <50,  V:(il,  and  V:<12, 

Fig.  V:ti0  shows  the  electron  spectra  obtained  from 
a  series  of  organic  compounds,  all  containing  a  benzene 
ring  substituted  in  different,  positions  with  various 
mini  hers  of  sulfur  and  chlorine  atoms.  Sources  were 
prepared  by  pressing  the  powdered  compounds  onto 
a  copper  mesh.  I’hr  figure  show.,  electron  lines  from 
the  Is  sill'll  of  carbon  and  the  2p  shell  of  sulfur  and 
i  d“i'iiie,  obtained  with  aluminum  A’a  radiation.  The 
intensifies  are  adjusted  so  that  the  heights  of  (lie 
sulfur  lines  are  all  unity. 

In  compounds  with  an  increased  number  of  chloro 
substituents,  the  chlorine  line  increases  proportionate¬ 


ly  in  intensity.  The  chlorine  iuo.  bound  to  carbon 

atoms  in  (he  benzene  ring  and  core  electron  binding 
energies  of  the  chlorine  atoms  are  the  same  in  different 
compounds.  ( '(impound  3  in  Table  V:  20  is  an  exception 
in  which  one  chlorine  i.  bound  to  sulfur  in  .<  sulfony! 
group  instead  of  benzene  carbon.  This  is  ref  cl  od  in  t  he 
electron  spectrum  as  a  broadening  of  the  el.  mine  line. 
A  larger  chemical  shift  effect  is  observed  in  Compound 
2  wlic'h  contains  two  sulfur  atoms  in  different,  oxid¬ 
ation  states.  Two  well-resolved  sulfur  lines  of  equal 
height  are  obtained  in  this  ease.  It  is  also  of  interest  to 
notice  how  the  oxidation  sti  1  "s  of  sulfur  in  different 
compounds  are  reflected  in  the  positions  of  the  sulfur 
lines,  (tom pound  4  contains  a  carboxyl  group  and  the 
carboxyl  carbon  is  observed  as  a  sepamte  line  ill  the 
electron  spectrum. 

(Jeiger  counter  detection  with  post -acceleration  was 
used  in  the  recording  of  these  spectra,  and  there  is 
little  diffeienee  ill  window  absorption  for  the  different 
lines  (see  point  (e)  above).  The  kinetic  energy  of  the 
different,  lines  is  between  1.2  kcV  and  1.2  lo-V  and 
the  observed  difference  in  intensity  between  the  car¬ 
bon,  chlorine,  and  siilfu;  lines  timt,  cannot  lie  as¬ 
cribed  to  differences  in  elemental  coin  position  are 
mainly  a  result  of  the  different  X-ray  absorption  coef¬ 
ficients  for  these  elements  (see  point  (a)  above  and 
Appendix  7).  Thus  the  observed  relative  intensity  of 
the  chlorine  line  in  compound  I  in  1 .2K,  which  is  exactly 
the  value  calculated  from  eq.  K.  The  relative  intensity 
of  the  carbon  line  cannot  lie  calculated  as  easily  from 
this  equation  since  the  constant  r  assumes  different 
values  for  absorption  in  the  I  s-  and  2p  shells.  Com¬ 
pound  1  has  therefore  been  used  as  a  standard  for  ob¬ 
taining  the  relative  elemental  coni  position  from  the 
electron  spectra  of  compounds  2  4. 

The  result  of  ibis  elemental  analysis  is  shown  in 
Table  V:2()  where  the  relative  amounts  of  carboxyl 


Table.  V : 21.  Klciumil.al  analysis  of  insulin  and  five  amino  acids  by  KSCA. 
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Kitf.  V:01.  KS(*A  H|H*ct  rum  from  our  of  tlio  HiikstitncoH  in  Ki^.  V :  (io.  A  I!  const  if  uont  olemcnfs,  oxccpt  liyrlio^ini,  show  up  in  tlio 


carbon  ((■„),  benzene  mid  Off.,  ciirlion  (C,,).  chlorine, 
and  sulfur,  obtained  from  the  electron  spectra.  are 
<!om|iaml  wit  h  the  empirical  formulae  of  the  different 
compounds.  The  precision  of  these  preliminary  mea¬ 
surements,  defined  as  the  maximum  deviation  from 
the  mean  of  two  or  more  measurements,  is  indicated 
in  the  table.  As  seen  from  this  fable,  the  relative 
amount t  of  f'o.  (*n.  Cl.  and  S  are  reproduced  with  an 

accuracy  of  better  than  f>  in  the  electron  spectra. 
The  entire  spectrum  recorded  from  one  of  the  substan¬ 
ces  (compound  2)  is  shown  in  Fig.  V  :(>l.  All  consti¬ 
tuent  elements,  except  hydrogen,  are  represented  in 
this  spectrum,  both  as  photoclectron  and  as  Auger 
electron  lines.  The  spectrum  extends  to  zero  binding 
energy  at  which  there  is  a  marked  decrease  in  intensity. 

Fig.  V:li2  shows  tile  electron  spectra  of  five  amino 
acids  and  insulin  which  consists  of  two  polypeptide 
chains  cross  linked  by  two  disulfide  bridges,  see  Fig. 
1 :  12.  All  constituent  elements,  except  hydrogen,  were 
recorded;  oxygen,  nitrop-ui,  and  carbon  are  represented 
by  their  I h  photoeleetion  lines,  and  sulfur  by  its  2p 


photoclectron  lines.  The  intensity  scale  is  adjusted 
in  this  ease  so  t hat  the  heights  of  the  nit rogen  lines  are 
all  unity,  (ilyeine  is  the  simplest,  amino  acid  and  con¬ 
tains  one  carboxyl  carbon  mid  one  ('ll.,  carbon.  These 
are  seen  in  the  elect  roll  spectrum  as  two  lines  of  which 
the  carboxyl  carbon  line  has  lower  kinetic  energy.  The 
excessive  height,  of  the  ('ll.,  earbon  line  is  accounted 
for  by  the  presence  of  a  small  amount  of  extraneous 
organic  material  on  the  surface  (ef.  Section  V :  I ).  If 
this  is  corrected  for,  the  glycine  spectrum  can  be  used 
for  calibration  when  deducing  the  elemental  compo¬ 
sition  of  other  amino  acids  from  their  electron  spectra. 
The  result  of  such  an  elemental  analysis  for  the  other 
four  iiniiio  acids  and  insulin  is  given  in  Table  V  :2I . 

The  result  of  a  dot  ermi  nation  of  the  relative  amounts 
of  copper  and  zinc  in  brass  is  shown  in  Fig.  V:(iU.  Five 
samples  with  different  compositions  wore  analysed. 
With  one  of  the  alloys  used  us  a st undard,  the  analysis 
of  the  other  four  could  be  made  with  an  accuracy 
better  than  two  per  cent.  The  electron  spt  ctruin  re¬ 
corded  from  a  sixth  sample  is  shown  in  big.  V:(>4. 
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Kig.  V : 03.  Tim  relative  amount  of  copper  and  zinc  in  komic 
brass  allays  tin  measured  by  KKf’A.  The  results  arc  eompnred 
with  (iatii  (SM)  given  iiy  the  factory,  Svenskn  Mrtidlvorken. 


This  rout, lim'd  small  amounts  of  other  metals,  e.g. 
O.fiH  %  tin  and  0.H2  %  lead.  The  tin  Mlv  v  signal  is 
weak  but  the  A7VI  V1[  electron  lines  from  lead  are  so 
intense  that  they  had  to  lie  reduced  in  height  by  a 
factor  of  five  when  plotted  in  the  figure.  It  thus  seems 
as  if  heavy  elements,  which  are  favoured  by  the  Zl- 
dependence  of  the  photoelectric  cross  section,  can  be 
analysed  by  KSCA  even  in  small  proportions  among 
several  other  elements. 

Although  this  line  of  research  has  not  yet  been  de¬ 
veloped  to  the  accuracy  and  precision  necessary  for 
the  determination  of  empirical  formulae  for  (unknown) 
complex  compounds,  the  results  obtained  so  far  suggest 
that  this  should  in  principle  he  possible.  The  relative 
proportions  of  carboxylic  carbon  and  other  carbons 
obtained  in  the  series  of  amino  acids  and  in  the  series  of 
carboxylic  acids  (Section  V  :  I )  suggest  that  KSCA  could 
he  applied  to  cjuautitative  group  analysis. 

KSCA  is  in  most  eases  a  non-destructive  analytical 
tool  hut  decomposition  of  tin  sample  sometimes 
occurs  under  the  combined  a  ■  ion  of  vacuum  and 
electromagnetic  radiation.  If  the  decomposition  takes 
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place  over  a  period  of  minutes  or  hours,  it,  may  lie 
possible  to  follow  the  process  ill  the  KNCA  spectrum. 
This  is  illustrated  in  Fig.  Y:(>5,  which  shows  the  in¬ 
tensities  of  the  chlorine  'Ip  and  sulfur  ip  electron  lines 
(produced  by  AlA'a)  of  an  organic  eom|«mnd  as  a 
function  of  time.  The  extrapolated  intensity  at  t  Oof 
chlorine  relative  to  sulfur  is  around  l.ti  and  this  ratio 
decreases  to  1.1  after  about  2 h,  thereafter  remaining 
constant .  This  indicates  that  on  t  he  average  one  chlorine 
atom  per  molecule  is  removed  from  the  surface  region 
when  the  specimen  has  been  kept  in  a  vacuum  and  ex¬ 
posed  to  X-radiation  for  two  hours. 

I’nless  special  precautions  have  been  taken  to  main¬ 
tain  a  clean  vacuum,  there  is  always  a  small  deposit 
of  earbon-containiuf’  material  on  the  samples.  The 
contaminating  layer  is  probably  due  to  hydrocarbons 
from  the  pump  oil.  This  is  a  surface  effect  of  ipiite 
trivial  nature  which  may  be  a  nuisance  when  the  ele¬ 
ment  carbon  is  being  studied  since  the  carbon  line  from 
the  contaminating  film  overlaps  the  carbon  spectrum 
from  the  sample.  In  most  eases,  however,  we  have 


log.  V : tie.  Intensities  of  the  chlorine  g/i  and  sulfur  2/1  lines 
as  u  fimetion  of  elapsed  time  in  an  organic  compound  which 
under  the  action  of  vacuum  and  radial  ion. 


Vitili.  Successive  record  it  (>f  curiam  and  nitrogen  from  a  hexane*!  livlcia  '  >*t  ratmnc  Hitinpl'1.  The  Mirfacc  layer  of  |>iimij>  (til 
merrascfi  willi  1  line.  This  i<  rcflcctod  in  t In*  s|>cc{ rum  hy  an  mcreum*  in  the  intensity  of  (In*  line  from  emhon  in  the  coni mninnl inyr 
lave'*. 
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found  the  carbon  Is  line  from  t In-  pump  oil  ideally 
suited  for  use  as  a  calihrnt-on  line.  Ill  fact,  there  is 
usually  no  difficult  v  in  distinguishing  this  line  from  the 
rest  of  file  sped  ruin  since  its  relative  intensity  in¬ 
creases  with  time.  This  is  illustrated  in  Fig.  V:t><> 
which  shows  successive  recordings  of  carbon  and  nitro¬ 
gen  lines  from  a  hexamethylenetetramine  sample.  The 
sequence  was  made  such  that  the  carhon  Is  line  was 
first,  recorded;  then  four  recordings  were  made  of  the 
nitrogen  Is  line,  anil  finally  the  carhon  Is  line  was 
recorded  again.  The  carhon  atoms  in  the  compound  itself 
all  have  the  same  valence  state  and  therefore  give  only 
one  carhon  line  in  the  KNCA  spectrum.  The  other 
carbon  line  is  due  to  carbon  in  the  surface  film.  The 
two  lines  are  resolved  graphically  in  the  figure.  From 
the  graphical  analysis,  it  is  seen  that  one  of  the  carbon 
lines  has  increased  in  intensity  bv  a  factor  of  two  over 
a  period  of  1(1  h,  whereas  the  other  line  has  de¬ 
creased  in  intensity  by  almost  a  factor  of  three.  It  is 
therefore  evident  that  the  former  is  due  to  the  pump 
oil  and  the  latter  is  due  to  the  hexamethvlenetetra 
mine.  The  thickness  of  the  surface  layer  and  the  in¬ 
tensity  of  the  carbon  line  increases  with  time  at  the 
expence  of  intensities  of  Isith  carhon  and  nitrogen 
lines  from  the  compound  understudy.  However,  even 
after  H  h,  the  nitrogen  line  from  the  hexamethylenete¬ 
tramine  could  lie  recorded  without  difficulty  and  the 
energy  determination  could  lie  made  with  the  "sur¬ 
face”  carhon  line  as  a  reference. 

Although  much  wniT  remains  to  he  done  before  t In¬ 
applicability  of  KNCA  to  (plant  itat  ive  elemental  ana¬ 
lysis  has  been  fully  explored  both  for  the  photoelectron 
and  Auger  elect  run  spectra,  we  should  in  the  following 
like  to  draw  at  tent  ion  to  some  general  feat  arcs  of  KSt  'A 
as  a  quantitative  analytical  method. 

KSt  'A  is  a  purely  physical  method  and.  provided  that 
the  samples  are  not  <h  composed  by  the  radiation  used, 
a  non-destructive  n  tliod.  In  principle  it.  permits  a 
total  analysis  of  all  <  lements  except  hydrogen  in  one 
operation  without  dis'in-hiug  interferenei  s  la-tween  the 
constituent,  elements.  In  this  respect  KSt' A  is  rather 


unique  compared  with  other  quantitative  methods 
and  allows  any  sample  or  homogeneous  mixture  to  he 
analysts!  for  any  element  without  chemical  pretreat - 
incut  or  separations. 

Quantitatively  KNCA  is  a  relative  method,  but  it 
should  in  principle  also  be  possible  to  use  it  for  absolute 
determinations  using  standard  addition  techniques. 

We  have  seen  tin  *  the  absolute  sensitivity  of  the 
method  is  high,  provi  led  the  sample  is  applied  as  a 
thin  coherent  film  of  a  certain  minimum  area.  Kor 
certain  applications  such  a  film  need  not  consist,  of 
more  than  a  inoiiomoleeular  layer.  It  should  therefore 
be  possible  to  adapt  KNCA  to  the  uitramicro  scale. 

The  limits  for  the  relative  sensit  i  vity,  i.e.  ( he  smallest, 
proportion  of  an  element  that  can  lie  determined  with 
adequate  accuracy,  remains  to  lie  investigated,  but 
the  results  obtained  for  cobalt  in  vitamin  15,0.  sulfur 
in  insulin,  and  lead  in  brass  show  that  elements  occurr¬ 
ing  in  a  small  proport  ion  among  several  ot  her  elements 
can  Is-  satisfactorily  determined.  A  relative  sensitivity 
in  the  p.p.m.  region,  which  is  sometimes  required  in 
analytical  chemistry,  does  not  seem  to  he  within  im¬ 
mediate  reach. 

To  sum  up,  the  following  virtues  of  KNCA  may  he 
mentioned  that  recommend  it  as  a  useful  analytical 
tool; 

1 .  Heavy  and  light  elements  may  all  lie  studied  alike 
by  KNCA. 

The  absolute  sensitivity  is  high.  i.e.  1  be  amount,  of 
material  required  for  obtaining  an  KNCA  spectrum  is 
small  (less  t ban  10  *  g). 

T.  Amorphous  as  well  as  crystalline  samples  may  be 
studied  by  KNCA. 

4.  KNCA  is  in  most  eases  a  non-destructive  method. 

r».  The  spectral  position  of  an  KNCA  line  depends 
on  the  valence  state  of  the  corresponding  atom. 'I  his 
suggests  a  more  refined  qualitative  analysis,  e.g.  the 
determination  of  the  oxidation  states  of  metals  oi  the 
quantitative  distinction  between  different  organic 
groups  ((plant  itat  ive  group  analysis). 


VI.  ELECTRON  EMISSION  I  ROM  EXCITED  ATOMS 


An  atom  with  an  inner  shell  vacancy  can  he  dc-cx- 
citcil  in  two  different  wavs  as  illustrated  in  Fig.  11:3. 
The  radiationless  de-excitation  process  in  which  the 
atom  is  left  with  two  vacancies  is  known  as  the  Auger 
effect.  If  one  of  the  final  state  vacancies  lies  in  the 
same  shell  as  the  primary  vacancy  (although  not  in 
the  same  suhsludl)  the  radiationless  transition  is  refer¬ 
red  to  as  a  Coster  Kmnig  transition.  Other  n:ndcs  of 
radial  ionless  de-excitut  ion  may  also  occur;  for  exam  pie. 
the  number  o|  electrons  that  are  emitted  in  a  radiation¬ 
less  transition  can  lie  more  than  one  and  electrons 
may  he  emitted  from  atoms  with  multiple  primary 
vacancies,  An  accurate  study  of  these  processes  was 
for  many  years  hampered  by  experimental  difficulties. 
The  theoretical  treatment  of  the  electron  spectra  from 
highly  excited  atoms  was  also  far  from  satisfactory. 
During  the  last  decade,  improved  experimental  tech 
llitpies  have  facilitated  the  study  of  the  Auger  effect 
and  related  effects  and  the  necessary  experimental 
basis  now  exists  for  more  comprehensive  theoretical 
treatments.  The  AAA  Auger  spectra  (see  Section  II  L'j 
have  lu-en  of  particular  interest  and  in  what  follows  we 
shall  mostly  confine  ourselves  to  these  Auger  transi¬ 
tions,  For  a  detailed  discussion  the  reader  is  referred 
to  review  articles  in  the  field.1"'--1'1 

AAA  Auger  spectra  in  intermediate  coupling 

In  11157,  the  Auger  spectrum  of  copper  was  st lull'  d 
at  Uppsala”  in  a  search  for  a  more  complex  Xpert  • 
rum  than  that  predicted  hi-  jj  of  /..,X‘  f-owpjjng  lh*-o!*Y. 
The  following  year,  a  theoretical  treatment  of  the 
Auger  effect  based  on  illtenneiliate  coupling  was 
made  by  Asaad  anil  Burhnp.23*  Si-iiiieinpirieal  ener¬ 
gies  and  calculated  relative  intensities  of  I  lie  A'/./. 
Auger  lines  were  given  for  five  elements,  viz..  Z  25, 
30,  37.  47,  anil  HO.  Intermediate  coupling  theory  gives 
a  nine-line  A  A /  Auger  spectrum  as  opposed  to  seven 
lines  in  pure  LA  and  six  lines  in  jj  coupling.  In  I Oti'2 
a  full  nine  line  AAA  Auger  spectrum  was  established 
for  elements  in  the  region  around  Z  40  using  X 
radiation  for  production  of  A’  vm-iineii-x3-1  and  also  by 
use  of  A -capture  and  internal  conversion. 2:1,1  The  Auger 


line  energies  predicted  by  Asaad  and  Burhup*3'  were 
found  to  lie  considerably  in  error  for  the  elements 
between  Z  3H  and  Z  47  whereas  the  predieted  line 
separations  within  the  spectra  were  In  good  agreement 
with  the  experiment  ill  values.  From  the  experimental 
data,  it  was  possible  to  improve  the  semiempirie  d  rela¬ 
tions  for  the  energies  of  the  different  Auger  dues  A3 
Auger  line  energies  calculated  from  these  new  expres¬ 
sions  showed  good  agreement  w it li  experimental  values 
fur  elements  of  low  and  iuti-nnediate  Z.  For  heavier 
elena-nts,  the  st-miempirit-a!  expressions  were  later 
modified  to  give  better  agreement  with  experiment  .:,f* 
Anger  energies  calculated  from  these  two  sets  of  ex¬ 
pressions  are  list «-i |  in  Appendix  4.  A  major  part  of  the 
electron  hi. .ding  energies  which  are  used  in  these  calcu¬ 
lations  are  obtained  Irnm  KKCA  im-asureinents,  see 

Appendix  I. 

A  more  straightforward  caleulat  inn  of  Auger  ener¬ 
gies  has  now  been  iii.ide.7*  The  relativistic  self-con¬ 
sist  rut  -field  method,  described  in  Section  III  : 51,  was 
applied  to  tile  ealculal  loll  of  A’/./,  Auger  energies  of  a 
flee  atol  l  a'  ion.  Separate  calculations  of  the  total 
i  iu-igv  ot  tie-  atom  in  its  initial  stuti-  xvitli  n  vacancy 
in  the  A  shell,  and  In  its  final,  dim  lily  ionized,  state 
were  performed.  The  kinetic  energy  op'  the  emitted 
elect  roll,  i.e.  the  Auger  energy,  was  obtained  as  the  dif¬ 
ference  in  total  cm  rgy  between  tin-  filmland  initial 
stales  (Method  B,  .Section  111:11).  In  tin-  computer  pro¬ 
gram  only  the  weighted  average  of  the  configuration 
w  as  eaieniateii  To  obtain  nil  nine  A  AA  Auger  energies, 
the  term  splitting  had  to  lie  calculated  in  intermediate 
coupling.  Fleet  lost  at  ie  and  exchange  integrals  have 
already  been  calculated  in  tin- self-consistent -field  pro¬ 
gram  to  obtain  the  total  energy  of  the  atom-  Applying 
the  theoretical  treatment  of  intermediate  coupling  given 
by  Condon  and  Short  Icy114  tile  following  expressions 
are  obtained  for  the  A  AA  Auger  energies: 
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h  Kl.tf.J  1\>)  A,  ?  <fj 

k  «!('/,  i  :f  i  a 


Table  Calculated  ami  measured  KIjIj  Auger 

energies  (eV)  in  magnesium,  potassium  ami  copper. 


Kienient 


Kin  ill 
Stntr 

1 

Mk 

JO  K 

20  <’u 

11™ 

66H 

a™ 

a 73 

A'A1A1|IN„) 

less 

1  Id] 

2K01 

2so0 

(1730 

0744 

1 123 

!  135 

2s7H 

2S7S 

0KS0 

0«72 

A/-, ,1 

2002 

00 1  1  1 

K  A, 

1 1  37 

■  1  1 50 

2003 

2004 

0020  | 

0014 

KLW’t) 

2005 

0032  J 

A'AJ.p'.s’,,) 

1  i«sr. 

1  175 

205  4 

?Old 

701 1 

A’  h,  /-,('/>,) 

i  171 

1  ISO 

2007 

2072 

7oM 

7040 

2073 

2070 

-  ■ 

7000  | 

7o73  J 

7(»0S 

“  (  'alrulutf‘(i 

«*»inK 

till* 

ivlut  ivistir  sc| 

If  consist  <'Ht  firlc! 

inH  hod. 

b  lbX|i<‘fiiiH*ntnlly  < *1 »( uiiH'i  1 

•H. 

Kk,. 

A,  : 

’*1  : 

1  " 

A', 

5  A, 

1 

1  i’i'A, 

;  -T : 

Kk,.  "2> 

K,  ■ 

2  A, 

.  1  •* 

4  - 

1  (HA, 

•  K>2  •  j:1 

h  Ki.a.&'I'n) 

a;, 

5a2 

1  "  | 

1  (j'Aj 

•  { :f  -  2;'- 

Kki.uCI'.,) 

a;.,  i 

2  A, 

•  - 

1  (»/’* 

•  ] -T  •  i;* 

where 

h  i  i  ( h  x  /.  1 1. » 

•  -A’*,. 

,i.,) 

hi  \\ShKi.,i, 

•  KA\-, 

i 

S  5  ( ^  i  ^’1.,) 

b\  Ay  2 1.21)  ,1  A2(2I.2I) 

17,(2 1,20)  J  0''(21 ,20) 

a:'..,  ,  ,  a:,. 

-  •••■{•■)  -i -i 

Ki.ti  'I  lie  total  energy  “f  tlientom  with  a  vacancy 
ill  each  of  the  I,t  and  L,  shells  (Weighted 
average  of  configuration). 

K x  The  total  energy  of  tile  atom  wiili  a  vaeaney  in 
the  A'  shell.  X  K , A, , A2  or  L3.  (Weighted 
average  of  configuration). 

A  LL  Auger  line  energies  were  calculated  for  the  ele. 
nielits  magnesium  (/j  1 2).  potassium  (/  lit)  and  cop¬ 

per  (Z  2!l).  The  energies  are  given  in  Table  VI  :  I  and 
compared  to  those  obtained  ex|  ■■•rimeiitully. 


The  experimental  values  have  the  Fermi  level  as  a 
reference  level  (see  Section  11:3),  i.e.  a  work  function 
correction  for  the  spectrometer  material  has  been 
added  to  the  measured  kinetic  energies  of  the  Auger 
electrons.  The  theoretical  value,  on  the  other  hand,  is 
referred  to  the  vacuum  level  for  a  free  atom  or  ion. 
To  obtain  a  fair  comparison  between  t-he.-u  results 
a  correction  of  about  5  eV  should  therefore  be  sub¬ 
tracted  from  the  experimental  values.  Table  VI :  1  then 
shows  quite  good  agreement  bet  ween  experimental  anil 
theoretical  data.  The  remaining  discrepancies  are 
probably  due  to  electron  electron  correlation  and  eon- 
figuration  interaction. 

I  nterconfigu  ration  interaction 

Although  the  Auger  theory  was  greatly  improved 
bv  the  consideration  of  intermediate  coupling®**,  the 
calculated  intensities  were  not  io  accordance  with  the 
observed  finer  details  of  tin  A  /, /.  Anger  spectra  of  the 
lighl  and  heavy  elements.  Fur  the  heavy  elements  this 
discrepancy  may  to  a  large  extent  he  explained  by 
relativistic  effects.23'1-®10 

A  new  theoretical  approach  to  the  Auger  effect  was 
made  ill  1  ‘.I (in  by  AsaaiP7  who  introduced  intereon- 
figuratioii  interaction  into  the  calculations.  In  this 
treatment,  the  interaction  between  the  J  (I  states 
of  the  2.s"2;),!  and  ~lx-'lpy  eon  figurations  lends  to  an 
increase  in  the  intensity  of  the  latter  configuration  at. 
the  expense  of  tile  former.  The  2.x"2 p*  configuration 
has  only  one  term  (bS',,)  whereas  on  finds  two  terms, 
('*„)  and  (:> /■“„),  with  ,/  0  in  the  2.s-2;d  configuration. 

The  intensity  of  the  (3/*0)  term  depends  on  the  spin 
doublet  splitting  which  is  very  small  for  low  /,  ele¬ 
ments  and  even  taking  into  account,  the  new  inter¬ 
action.  the  l*(vi, ,j)  *  2.s'"2j)! (•"•/'„)  transition  becomes 
very  weak.  Thus,  for  low  £  elements,  the  strength  of 
the  2.s22/i4(bS'„)  line  increases  markedly  at.  the  expense 
of  the  2.s"2;ib(iiS'0)  line.  Kurtherinore,  since  the  abso¬ 
lute  intensity  of  the  2«"2 p*  configuration  is  deereasetl 
by  this  coupling,  the  intensity  ratio  of  the  2s ‘2//’ and 
the  2xn2pB  configuration  will  also  increase.  A  closer 
study  of  the  Hamiltonian  matrix  shows  that,  this 
effect  will  become  of  less  importance  with  increasing 
/  237  'pi,,,  calculated  intensity  ratios  will  then  approach 
those  obtained  using  the  unmodified  intermediate 
coupling  theory. 

llv  taking  the  intercnnfiguratinn  interaction  into 
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Table  VI :  2.  Relative  intensities  in  the  KLL  Auger  spectrum  of  magnesium. 
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The  vnluex  fgivm  in  |  in  run  I  lull’s  iw*e  obtained  usiiij'  an  e»  lier  L j  binding  energy 
obtained  from  X  ray  spoetroseopy  work.  Hy  KSCA  mensiirwnentx61  this  landing 
energy  ban  later  been  proved  to  be  muelt  in  I'rmr.  Tlic  values  giv<*n  without 
purunt  best's  are  obtained  usm^  tin*  now  7,j  binding  energies. 


account,  Asuiul  obtained  a  better  agreement  between 
theory  and  experiment,  for  the  Auger  intensities  of 
light  elements.237  However,  the  very  limited  amount 
of  experimental  data  that  was  available  at  file  time 
did  not  allow  an  accurate  comparison.  We  therefore 
performed  an  experiment  in  which  the  X-ray  produced 
KL\j  Auger  spectra  of  sodium  ('/j  II)  and  magnesium 
(Z,  12)  were  studied.'*"  In  this  region  of  low  atomic 

number,  the  three  final  states  (;,/’2).  (’/’,).  and  (:'/‘0) 
of  the  2*'2/>!*  configuration  have  almost  identical  ener¬ 
gies  and  can  therefore  '.tot  he  resolved.  Furthermore, 
the  transition  rates  for  the  {*/’„)  and  (:'/’2)  states  of  the 
2.s,22 /)*  configuration  are  very  low  compared  with 
other  final  states  not  excluded  by  selection  rules.  A 
five- line  KIjIj  A  tiger  speet  rum  ean  therefore  lie  expected 
and  was  in  fact  observed  for  I  tot  It  elements. r,H  sec-  Figs. 
1:23  and  VI:  I.  The  theoretical  transit  ion  rates  for  the 
three  configurations  of  the  magnesium  KLL  spectrum 
have  been  calculated  by  Assad237  using  the  Auger  tran¬ 
sition  probabilities  derived  by  Areltard.  A  comparison 
between  the  experimental  values  and  these  theoretical 
values  gave  good  agreement.  The  agreement  was,  how¬ 
ever.  coincidental.  The  Hamiltonian  contains  average 
values  for  the  energies  of  the  two  configurations 
2.*c°2/ie  and  2v22/d.237  Assad  calculated  these  average 
energies  using  tabulated  /.,  and  Lu  electron  binding 
energies  and  matrix  elements  of  the  electrostatic  anti 
spin-orbit  interact  ions.  We  have  since  shown  that  the 
tabulated  L ,  binding  energies  for  light  elements  were 
much  in  error,  sometimes  bv  as  much  as  fit)  °„"1  (see 
Sect  ion  111:2).  Since  the  inti  unity  change  between  t he 
2v"2/  '  and  L’V-up'  configurations  is  very  dependent  on 


the  difference  between  the  average  values  for  the  ener¬ 
gies  of  the  two  configurations  quite  different  results 
are  obtained  when  our  L,  energies  are  used.  This  is 
exemplified  in  Table  VI  :2  where  our  experimental 
values  for  the  clement  magnesium  (Z  r-12)  are  com¬ 
pared  with  those  calpulated.*,7,aM  The  values  given  in 
parentheses  are  obtained  using  the  previously  accepted 
value  for  the  L,  binding  energy  of  magnesium. 

A  comparison  between  theory  and  experiment,  thu  . 
gives  an  unsatisfactory  agreement  for  Z  12.  This  is 
also  the  east*  for  other  light  elements. 210  Relative  in¬ 
tensities  calculated  by  Mehlhorn  and  Assad232  using 
transition  probability  amplitudes  computed  by  Oal- 
l.ui241  (Z  12)  and  Krause  el  t tl ,212  [Z  10)  are  also 
given  in  Table  VI :  — .  The  large  difference  between 
these  results  may  indicate  that  the  inconsistencies 
between  theory  and  experiment,  are  to  a  large  extent, 
caused  by  erroneous  transition  probability  amplitudes 
and  wave  functions. 

Excitation  lines  and  multiple  ionization  in  Ki,L 
A  tiger  spectra 

In  a  study  of  the  KLL  Auger  spectrum  of  potassium 
in  potassium  oxide,  we  observed  a  structure  oil  the  low 
energy  side  of  the  Auger  lines.41  This  broadening  oc  the 
lines  was  ,o  conspicuous  as  to  necessitate  further  in¬ 
vestigation.  lOxperirnents  were  therefore  also  per¬ 
formed  on  ofner  compounds  containing  potassium  A* 
In  Fig  VI  :2  the  result,  obtained  from  potassium 
chloride.  KOI,  is  shown, 

As  can  lie  seen  in  part  (a)  of  the  figure  a  line  of 
comparatively  high  intensity  is  observed  on  the  low 
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Fig.  VI  :1.  KLIj  Augor  upwotrum  of  iiitignoHium.™  AH  fivo  linwn  prndiotcri  in  uxtromo  LS  coupling  theory  urc  rotolvori. 


energy  side,  of  the  intense  K L2L3[l  1)2)  line,  of  potassium. 
The  satellite  line  does  not  have  the  energy  nor  the. 
intensity  of  any  Auger  line,  predicted  by  theory.  The 
name  satellite  structure  was  observed  with  other  lines 
in  the  KLL  Auger  sjiectnnn  of  potassium.  This  is 
exemplified  for  the  K Ll  L2('  I\)  line  in  fig.  V 1 :  it .  The 
strueture  cannot  he  explained  by  chemical  effects  or 
discrete  energy  losses  because  these  effects  should  have 
been  observed  in  the  photoclectron  sjieotrum  of  j  iotas- 
sium.  This  was  not  the  ease  as  can  he  seen  in  part  (b) 
of  Fig.  VI: 2.  The  satellite  line  and  the  excessively 
large  number  of  energy  degraded  electrons  can  Is;  ex¬ 
plained  in  terms  of  a  double.  Auger  process  in  which 
either  one  Auger  electron  leaves  the  atom  and  an 
outer  electron  is  promoted  to  an  excited  state  (the 
line)  or  two  electrons  leave  the  atom  by  the  Auger 
process  (the  continuous  distribution).  Another  possible 
explanation  would  be  a  shake-off  process  during  the 
ionization  of  the  atom.2'6 


Excitation  lines  are  also  observed  in  the  chlorine 
Auger  spectrum,  see  part  (e)  of  Fig.  VI: 2.  The  energy 
separation  of  the  K L2L3(l l>2)  Auger  line  and  the  satel¬ 
lite  line  is  not  the  same  in  chlorine  as  in  potassium. 
We  have,  also  studied  other  compounds  containing 
|H>tussium  or  chlorine.  In  Fig.  VI  :4,  part,  of  the  KLIj 
Auger  spectrum  of  potassium  in  KjSO,  is  shown.  A  sa¬ 
tellite  structure  is  observed  close  to  the  KL2L3(lI)2) 
line.  The  energy  separation  is  only  4.1  e.V  as  opposed 
to  fi.O  eV  in  KOI.  Such  a  chemical  dejieiidencc  is,  of 
course,  likely  to  exist. 

In  Fig,  VI: 5  the  KLL  Auger  spectrum  of  chlorine 
in  sodium  chloride,  is  shown  X-radiation  from  silver 
was  used  for  production  of  K  vacancies  in  a  thin 
evujHiratod  film  of  sodium  chloride.  Silver  was  parti¬ 
cularly  suitable  as  a  radiation  source  in  this  exjieri- 
ment  since  all  L  X-radiation  quanta  of  silver  are 
capable  of  producing  a  K  vacancy  in  a  chlorine  atom. 
The  photoelectric  cross  section  for  the  process  is  eom- 
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Five  Yli.'t.  Kxtrn  lines  lire  fnunil  not  only  for  file  /v/-2/,3 (’/ij) 
I  rmwit  io|l  ns  ill  Ki^,'.  1  :  !\  toil  also  for  oilier  A I  O’er  lines  as 

ilenioiist rnleii  for  the  |mf iissiiiin  K /., /.2('/',)  (raiisition  in 

Kf'IA* 

Electron  emission  from  free  moms  and  molecules 

In  the  Auger  studies  on  solids  discussed  above.  X 
radiation  was  used  fur  the  product ion  of  primary 
vaeimeies.  For  gaseous  targets,  it  is  more  convenient 
to  use  an  electron  beam  for  this  purpose.  This  mode 
of  excitation  is  now  used  in  one  of  our  spectrometers 
(see  Section  VIII  :f>).  As  an  example  of  a  spectrum 
produced  by  electro!!  impact.  Fig.  Vi  .ti  shows  n  AAA 
Auger  spectrum  from  neon  ('/,  1(1).  In  the  spectrum 

one  observes  more  than  ten  lines,  five  of  which  are  due 
to  ordinary  A' LI,  Auger  transitions.  The  other  lines 
can  he  identified  as  Auger  transitions  from  an  atom 
with  two  primary  vacancies,  one  in  the  A  shell  and 
the  other  in  one  of  the  A  subshells.  IN  eon  has  previously 
hern  studied  by  Kfirber  and  .Mchlhorn.-111  although 
with  lower  signal-to  background  ratio. 

An  Auger  spectrum  from  a  free  molecule  is  shown 
in  Fig.  VI  :7.  The  spectrum  is  recorded  from  carbon 
in  methane.  Cli,.  The  A  electrons  of  carbon  are  in¬ 
volved  in  tin-  chemical  binding  which  complicates  the 
interpretation  of  the  spectrum.  We  have  also  studied 


the  KLL  carbon  Auger  spectrum  in  other  organic 
compounds,  for  example,  benzene.  These  spectra  are 
characteristic  for  the  compound  under  study  which 
shows  that  information  on  molecular  structure  can  he 
obtained  from  such  Auger  spectra,  although  their 
interpretation  is  still  not  straightforward. 

We  have  calculated  the  A  AA  Auger  energies  of  neon 
using  the  R II  IAS  method  described  above.  The  results 
are  given  in  Table  VI:.'}  together  with  the  measured 
Anger  energies.  The  agreement  between  theory  and 
experiment  is  very  good  for  the  relative  energy  sepa¬ 
rations  within  the  KLL  Auger  spectrum,  except  for 
the  A’ A, A, ( '.S',,)  transition:  the  calculated  absolute 
energies  are  in  general  a  few  eV  higher  than  the  experi¬ 
mental  ones.  The  Anger  lines  corresponding  to  the 
A  A.,  .,A,.  .,(3/’,v)  and  (3/’2)  transitions  were  not  semi  in 
the  neon  spectrum.  These  transitions  are  partly  for¬ 
bidden  in  pure  LS  coupling.  A  description  of  the  atom¬ 
ic  structure  of  neon  in  the  AN  scheme  should  he  valid 
because  the  spill  orbit  coupling  energy  is  less  than  1 
of  the  coulomb  interaction  energy.  We  have  also  calcu¬ 
lated  Auger  energies  for  a  neon  atom  with  two  primary 
vacancies.  The  data  are  given  in  Table  VI  :4  together 
with  energies  obtained  from  the  spectrum  show'll  in 
Fig.  VI  Mi.  The  agreement  between  theory  and  experi¬ 
ment  is  rather  good  although  the  calculated  energies 
are  consistently  some  cV  higher  than  the  measured 
ones. 

Although  it  is  the  KLL  Auger  spectrum  that  has 
C/60& 
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Ki^.  VI  :  4.  Kxcit  »i  f  inn  linos  an*  fount  I  in  <*o  to  pounds  ot  lr*r  (linn 
K(”.  This  is  part  of  tin*  Aiifjrr  sport  nun  of  potassium  in 
K4S(>4.rb  The  riirr^y  Miration  from  the  f\  pt)  lim*  m 

potassium  is  O.Jt  eV  loss  in  t Iuh  compound  than  in  KCl. 
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Fig.  VI: ft.  KLL  Auger  sport  rum  of  <-li1o - 
rim*  in  Nan.  Satellite  lines  are  observed 
on  tin"  iow  energy  side  of  the  ordinary 
Auger  lines. 
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Fig.  VI:t».  K  Anger  spectrum  of 
neon  H>)  excited  !>y  electron 

impart.  Mnr*'  than  t <>vi  linos  are 
observed  in  the  spectrum,  five  of 
which  aro  due  to  onlinury  i\Ll, 
Auger  transitions.  The  otlmr  lines 
are  identified  as  transitions  from 
an  atom  with  two  primary  viieun 
ties. 
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Kig.  Vi  :7.  A'  Auger  spectrum  of  corliou  in  Mielhnnr,  <  ’lt4.  This 
spectrum  was  excited  try  electron  impact. 

been  tlii“  ohiect  ,if  must  investigations,  v.e  have  also 
sl.udiod  /,  ai  (I  M  Auger  s|M‘etra.  In  Fig.  VI  :8,  part, 
of  a  recently  recorded  MNN  Auger  spent  rum  of 
krypton  is  shown  (see  also  Fig.  1 :27).  Kleetron  impact 
was  used  for  the  ionization  of  the  M  shells  in  the  gase¬ 
ous  target.  In  the  part,  of  the  spectrum  shown  in  the 
figure,  «r  40  lim  s  from  t.h.  and  Mb  Auger  spectrum 


Tahir  VI  :li.  Calculated  and  measured  KLL  Auger 
transition  energies  of  neon  (Z  10). 


Kntsrgy  {e.V}  Kolat  i  it  energies  (eV) 


Calculated  Calculated 


Transition 

(KIIKS) 

M  rum  1  red 

(HI  IKS) 

Measured 

740.13 

7  IK.  1  J;(l.l 

no.:t!i 

-50.0 

7  75.0  1 

771. li  .1.0,1 

32.71 

32.0 

700.30  | 

-  22.22  1 

ei\) 

700.34  | 

781.11  ±  (1,1 

-22.18  | 

22.2 

C1'*,) 

700.44  | 

22.08  | 

i< y'.s’j 

004.47 

KU0.fi  ;t.  0.1 

-  -1.05 

-•  3.7 

000.52 

sot. in* 

0 

0 

m 

O'  M3 

-f  2.(11 

cr.) 

01  1.27 

1  2. 7  A 

*  Tin*  energy  of  this  transition  wrs 

obtained  from  optical 

data  uiwl  wiw  used  for  calibration  of  lint  Kprclruin. 

ean  he  identified  in  the  energy  region  between  20  and 
<>()  eV.  More  than  half  of  them  are  due  to  transitions 
in  an  atom  with  two  primary  vacancies.  The  half¬ 
widths  of  the  Auger  lines  are  as  small  as  0.10  eV. 

A  krypton  Auger  spectrum  has  previously  hcon  re¬ 
corded  hy  Mehlhom  with  lower  resolution  which  per¬ 
mitted  energies  and  relative  intensities  to  he  determin¬ 
ed  for  22  lines  in  the  M t  b  Auger  spectrum. 2,0 

The  identification  of  the  lines  in  the  spectrum  is  in 
most  eases  made  hy  using  optical  data.*13-2'7  Krill  is 
the  final  state  for  Auger  transitions  from  a  krypton 
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J'in.  VI  :H.  Mtk  Au^cr  spectrum  of  krypton  (Z  35).  Ahold-  40  lines  hi  lJ  1*1  M ,x  arid  A ii^:*r  spectrum  are  seen  in  the  figure 
in  iui  energy  region  between  20  and  01)  cV.  Tlte  half  widths  of  the  lines  are  tut  kiihiII  as  0. 10  nV.  Mure  than  half  the  lines  arc  duo 
lit  transitions  in  an  atom  with  two  )  rirnary  vacancies. 
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Table.  V  l  :4.  Calculated  and  measured  A'  L-LLL  transi¬ 
tion  energies  of  neon  (Z  10) 


Kiiitky  (<’V) 

Initial 

Final 

Calculated 

at.  ate 

Htafe 

<  It  II  KiS) 

McftHunul 

794.90 

(>//) 

790. 85 

785.8  J  0.5 

(•/>) 

788.15 

783.  i 

.1  0.5 

tob'id*/-) 

775.12 

(*/>) 

707.13 

700.0 

i  0.5 

C.V) 

703.08 

(•/■) 

755.25 

731.112 

A- 

797.70 

(*/>> 

793.B5 

750.2 

1  0.5 

('!') 

790.95 

787.0 

A  0.5 

lal'U'n* 

777.92 

(*/)) 

709.93 

m 

7B5.SK 

(•/') 

702.05 

755.7 

f  0.5 

A lb,., Cl’) 

734.42 

A/oCN) 

A.f'ld*/’)* 

K02.72 

(’/') 

'  i4.73 

752.(1 

10.5 

(*«S’)  * 

790.08 

(>/*) 

780.83 

A,  .,<*/') 

758.92 

<:.(*/’)* 

SOS. IK 

('/O 

800.45 

( **S" )  * 

750.44 

<*/’) 

75*. B 1 

1'Ua.Mn 

704.08 

*  TrimnitioiiH  which  are  forhiihlmi  it.  /..S’. coupling. 


atom  with  one  primary  vacancy.  The  term  separations 
of  Krll  I  gi  v(i  tin;  energy  Hcjmrut  ionn  of  Auger  tranai- 
tioiiH  having  the  Hanxi  initial  at  iirf  hoc  I  able  VI  ;f>.  It 
in  not,  however,  possible  to  identify  the  A',  (*/>'„) 

and  MbNtNl(>140)  transitions  using  optical  data  Iweausc 
the  energy  of  the.  final  state  ,  A' , ( 1  »S'0 )  in  not  known. 
Two  doublets  in  the  Hpectruin,  labelled  A,,AX  and 
II |,/f2,  allow  an  energy  Hplilting  which  may  correspond 
to  a  transition  from  an  M t  and  A/s  vacancy,  respective¬ 
ly  to  the  NtN,  {'<S'#)  state.  in  the  paper  by  Mehlhorn84*, 
it  is  proponed  that  the  doublet  /1,,/t,  would  -.urrespond 
to  the  Mi  .,,14,  A/ , ( 1  <S0 )  traimitioriH.  The  assignment  wan 
baited  on  measurements  on  niton  (Z  10)  and  argon 
(Z  IH).  We  have  calculated  the  energicH  of  the 
M t!N N  Anger  Hpectruin  of  krypton  for  identification 
pnr|H>Hen  The  ealenlated  energieH  and  the  cxpecl.nen- 
tnl  ouch  art  given  in  Table  VI  A  coinpariHoii  betwe  :n 


Table  VI  :5.  Term  energy  separations  of  krypton  III 
according  to  Moore.217 


Configuration 

State 

Relative 
energy  (eV) 

0 

•r. 

0.50 

0.00 

1.82 

4.10 

4a4;a6 

14.37 

1 4.  HO 

15.07 

'l\ 

17.55 

the  two  nets  of  data  hIiowh  that  the  calculated  energies 
are  2  eV  larger  than  the  experimental  one  for  transi¬ 
tions  with  the  final  ntutc  configuration  4.s-24/i*  and 
2  eV  smaller  for  transitions  with  the  final  state  con¬ 
figuration  4,s'4p;>.  The  agreement  between  the  calcu¬ 
lated  and  measured  energies  of  these  transitions  in  thus 
rather  good.  For  the  Mt  bNt  N,llSn)  transition,  the  situ¬ 
ation  is  still  uncertain.  The  calculated  energies  are 
7.5  eV  smaller  than  the  energies  of  the  doublet  labelled 

Table.  VI  :<>.  Calculated  and  measured  M i;.NN  Auger 
transition  energies  of  krypton  (Z  Hti). 


Tnimfition 

Knorgy  («>V) 

Calculated 
(It  11  KiS) 

Meamimi 

Af4/V,W,('.S'„) 

10.50 

23.54* 

M  tN  ,N  i(Wt) 

17. MB 

25. 1 9  * 

M,N,N,,i'l\) 

34.14 

37.00 

M,N,N,  ,(■/',) 

35.44 

38.88 

A^/VpV,  ,(•/%) 

39.08 

40.13 

«.«,(»>  ,»i-fii 

39.95 

40.42 

A/.Al.W,, (V,) 

40.43 

40.K5 

M,N,N,  ,(’l\) 

40.98 

41.3! 

M.N.N,  .Cl’,) 

41.25 

41.07 

A f.A'.A.  .(*/’,) 

41.73 

42.1  ’ 

.) 

52.12 

51.1 5 

A*.*,  .A,  ,(W.) 

53.42 

52.41 

54.50 

53.44 

r-  : .  7  5 

54.09 

55.80 

54.09 

A/.W..N,  ,(•/•,) 

5(1.42 

55.20 

57.05 

55.94 

57.72 

50.51 

*  Them'  vuhn'H  <-orr<'Mj)<»n<l  to  Uic  interjirHatioii  KuggeKlrd  on 
J).  Min. 
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Table  )  1:7.  Calculated  Mt  r,\-\’XN  transit  ion  ener¬ 
gies  (if  krypton  (A  ltd). 


I  nit  ial 

Kintil  nm- 
fi^urtii  ion 

Kner^v 

(••V)' 

M,\,  , 

A  i  A  2 

7.00 

A  i  .\  2  3 

8.00 

AW,  ;1 

27.00 

-1/..V, 

A  ,  A'j 

2h.:io 

,u.,v2  3 

-V.-V-l:, 

27.00 

M 4,\  a  3 

e  ,-Nv.i 

2H.00 

1, 

A‘.j<:i 

44.00 

-U4,\  2  3 

X-J'A 

411.20 

•»4V, 

\\sl, 

47.00 

.v,.vC, 

4H.00 

Mh.\\ 

A'C, 

04.00 

W,.V, 

Si.:  i 

On.  00 

,-l  and  14. oV  smaller  tliim  the  energies  of  the 
doublet  Although  it  seems  as  if  the  energy  con¬ 

tribution  from  the  4«  electrons  is  overestimated  in  the 
calculations,  it  is  less  probable  that  t his  error  would 
amount,  to  14  eV.  It.  would  therefore  seem  more  likely 
that  the  doublet  Al,Ai  corresponds  to  the  transitions 
Mt. r, A' , iV , ( 1  ) .  The  energy  of  the  4.v"4 /»*(', V0)  term  in 

Krill  would  then  be  (Ill.Sti  1(1.05  cV. 

The  Auger  transitions  which  have  Krill  as  initial 
state  and  KrIV  as  final  state  are  more  difficult,  to 
identify  from  optical  data  been  use  the  energies  of  the 
initial  states  as  well  as  the  energies  of  some  of  the 
final  states  are  not  known.  Some  of  the  missing  final 
state  energies  can  be  extrapolated  from  data  on  the 
neighbouring  elements  '.iroiniuni,  selenium,  an  1  arse¬ 
nic.'-  111  Another  complication  in  the  interpretation  of  t  lie 
spectrum  is  due  to  the  intermediate  coupling  scheme 
which  has  to  be  used  for  the  assignments  of  allowed 
Auger  transit  ions  in  the  krypton  spectrum.  Many 


transitions  which  are  forbidden  in  the  LS  coupling 
scheme  (selection  rules  for  the  system  atom  plus  Auger 
electron  are:  AL  AS  Aff  0)  will  become  allowed 
due  to  the  mixing  of  wave  functions  of  the  final  states, 
We  have  calculated  the  energies  of  Auger  transitions 
for  a  krypton  atom  with  two  primary  vacancies  in  the 
same  manner  as  for  neon.  The  energies  which  are  given 
in  Table  VI  :7  were  calculated  for  each  configuration 
only.  A  detailed  analysis  of  the  spectrum  shown  in 
Kig.  VI  :S  has  nut  yet,  been  made  and  further  discus¬ 
sion  is  therefore  postponed  to  a  forthcoming  paper.92 

(  .he  mi  ml  effects  in  .  fuger  spectra 

Already  in  our  first  studies  of  X-ray  produced 
Auger  spectra  from  copper  we  observed  that  the  lines 
were  shifted  upon  oxidation  of  the  sample.10  Chemical 
effects  can  lie  expected  in  Auger  spectra  for  the  same 
reasons  as  in  the  photneleefroii  spectra.  A  calculation 
of  the  chemical  shifts  in  Auger  spectra  can  be  made  in 
t  he  same  t  wo  st  "ps  as  for  the  phot oeleef roil  spectra,  i.e. 
first  a  calculation  of  the  free-ion  shift,  and  then  a  calcu¬ 
lation  if  the  crystal  clergy  contribution  (see  Sections 
V:2  and  V  :  II ) . 

The  calculated  free-ion  shift,  of  s.  for  is  shown  in 
Table  VI  :X.  Only  the  results  for  the  A’ Lt A,  transition 
are  given  since  the  energy  shifts  of  the  other 
KIAj  Auger  electrons  from  a  free  ion  will  he  nearly 
the  same.  The  effect  of  hybridization  nil  the  Auger 
energies  can  be  included  in  the  calculations  in  the 
approximate  way  described  in  Section  V :  14.  As  can 
lie  seen  in  Table  VI  :K,  the  effect  of  hybridization  is 
very  small  in  the  singly  ionized  ease  and  practically 
zero  in  the  doubly  ionized  ease.  The  Augc/  energies 
for  different.  a  HpJ  a( i  0,1,2;  k  0. 1,2,11,4;  *  i  k 

2,;t,4)  configurations  have  also  been  studied  and  it, 
was  found  that,  the  energy  shift,  between  different  coil- 


Titbit-  VI:  -V  Calculated  A' A,  A,  Auger  energies  an;1  A  A,  A,  Auger  shifts  fora  free  sulfur  ion  with  various  degrees 

of  ionisation  in  the  vah'iiee  shell, 


Di'^icc  of  Approximate 

loni. sat ion  < 'oiifi^nmtiun  K!j j/v,  An^cr 

>f  i *»■  •  of  t.he  A’ A,  A,  Aiiper  energy  for  an  J( Llbi  Auf;*'r 

viileiHM*  hIm'II  vnl**iMf  Klii'Jl  <  nergy  (oV)  fiyfnid  (cV)  whiftH  (rV) 


1070.00 

0s*0 /Is 

lor.f.oo 

l0r»I.K7 

0s'0/i« 

\  or.  i.70 

I00S.1  I 

IOOH.I  1 

Ot'O//’ 

IO0H.H) 
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\ 


‘■>90  600  610  o?0  630  640  660  660  eV 

KINi  TIC  KNLRGY 

Kitf.  VI  Ml.  KIjIj  Aiij'cr  Hprclmin  of  fluorine  in  sodium  fluoride,  Nul,’.l,/ 


figurations  whs  0.03  eV  for  sidfur,  which  is  negligibly 

small. 

Tin-  calculated  frec-ion  shifts  are  of  roursr  much 
larger  than  the  experimentally  observed  shifts  from 
solids.'1-  Fig.  I:2f  illustrates  the  eheinieal  effect,  on 


Auger  elect  run  energies  obtained  experimentally  for 
sulfur  in  N'a.Xd).,  in  which  compound  sulfur  is  ]i resent 
in  two  different  chemical  states.  For  gases,  the  free-ion 
model  is  valid  and  the  calculated  Auger  shifts  for 
ioni/ed  atoms  should  therefore  show  n  better  agree- 
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i  tuoRinr  ku  AijGt  r 

III 


2s'2p  <  0) 


2s  2p‘('S)  2s2p'(l*)  7s  .y(  l‘)  2  s  ?|c(S)| 

O.K(Cula) 


A 
/  \ 

wv^y  i 


v'  \ 


V 


610  6?0  LJ0 

mni  nr.  (nr  nor 
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2s'2p-('D) 


l-'iK-  V’  1 :  I  I.  KIJj  A  ngcr  spectrum  of 
fliiorino  in  inugncHiiun  fluoride, 

MgK,” 


mei.t  with  the  experimentally  measured  olios.  I'll  is  is  ami  that  tin-  states  available  as  final  states  for  the 

in  fact  the  case  as  shown  by  tile  calculations  of  Auger  Auger  transitions  are  those  listed  in  the  figures.  Kola- 

transition  energies  for  ionized  neon  and  krypton,  see  t.ive  intensities  are  the  same  in  the  three  spectra  within 

Table.".  VI  -A  and  7  and  !‘’igs.  VI : <>  and  X.  exjierinienfal  error  except  f"i'  t  he  lldliy/ '’(*/’)  transit  ion 

Elements  in  the  Periodic  System  with  an  atomic  which  has  a  higher  relative  intensity  in  EiK  and  MgK., 

number  below  ten  have  an  incomplete  A  shell.  Kor  than  in  NaK.  This  discrepancy  may  he  explained  by 

these  elements,  the  A  electrons  are  directly  involved  in  phot.oeleetron  lines  coinciding  with  t  lie.  Anger  line, 

the  chemical  binding  and  a  chemical  dependence  of  These  lines  are  excited  by  fluorescent,  fluorine  A’or 

the  Auger  spectrum  would  therefore  be  expected.  We  radiation  from  the  source  and  the  expelled  electrons 

have  investigated  experimentally  the  cation  depend-  are  Is  core  electrons  of  lithium  (EiK)  and  '!})  core  cice- 

cnee  of  Auger  electron  transitions  for  some  fluorine  t runs  of  magnesium  (Mg Eg)  respectively.  The  chemical 

(Z  tl)  Halls."2  Fluorine  Auger  spectra  were  recorded  effect,  on  Iitive  intensities  in  the  different  compounds 

from  NaK,  EiK,  and  MgE,  and  the  spectra  arc  shown  is  thus,  it  any,  small. 

in  Figs,  VI:!)  II.  A  cation  effect,  is,  however,  found  for  the  energies 

The  NaK  and  Ei  bonds  are  ilO  ionic  and  the  of  the  Auger  electrons.  The  measured  energies  of  the 

MgK,  bond  is  5  K;  %  ionic;  thus  it  is  reasonable  to  fluorine  Auger  transitions  are  1 ,5  eV  and  1.1  eV  larger 

assume  that  the  fluoi  iue  A  shell  is  completely  occupied  in  Na  K  and  Ei F  respectively,  than  in  MgK.,.  'I'll is  trend 


'J'uhlf  VI  .!>.  A  A  A  Auger  energies  of  fluorine 


Final  staid! 

KlMTtfifi 

H  (..V) 

M(*asiir*d  (NaK) 

Mcnaiin'd  (I.iF) 

M«*aHinr<l  (M^K,) 

( 'alf  iilatcd  [7j  0) 

( AjijM-ntlix  4) 

titiii.t;  t  u.4 

fiOll.l  -t  0.4 

00H.3  1  0.4 

010.2 

02H.7  1  0.4 

02H.1  1  0.4 

1127.1  0,4 

020. K 

037.0.*.  0.4 

030.5  1  0.4 

035.2  (  0.4 

038.2 

2*2t!/»V.X') 

nr*  1 .7  i  o.r* 

051.5  1  0.5 

or, o,4  1  0.5 

350.4 

2V!2/;4(,/b 

054.0  »  0.4 

054.4  1  0.4 

053.3  4  0.4 

054.2 

c/l2m 
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log-  vi  :1g.  A ! ,L  Auger 
spectrum  of  oxygon  in  ti 
timium  oxide.  TiO,.  Arrows 
in  the  figure  indicate  ener¬ 
gies  calculated  using  semi 
empirical  formulae,  see  Ap¬ 
pendix  4. 
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is  consistent  with  the  elect  rom-gat  ivil ies  (t.n  (Xu),  1.0 
(Li)  and  1.2  (Mg)  of  the  throe  cations  (see  Appendix 
Id).  The  partial  ionic  character  will  he  largest,  for  the 
XaF  hood  and  smallest,  for  the  Mgl‘\,  bond.  The  amount 
of  negative  charge  within  it  certain  distance  from  the 
fluorine  imclciix  will  therefore  decrease  in  the  order 
XaF,  Til'’.  MgF,„  and  the  fluorine  electron  hinding 
energies  will  increar.*  in  the  same  order  (see  Section 
V:2).  The  Auger  transition  energies  will  consequently 
decrease  in  the  same  order  heransc  they  are  ohtained 
to  the  first  itpproxima  i  ion  its  the  difference  between 
the  energies  of  one  l\  electron  and  two  /.  electrons. 
The  energy  shift,  is  expected  to  lie  nearly  the  same  for 
all  core  electrons  and  the  relative  energies  should 
therefore  agree  for  all  three  compounds.  This  is  also 
the  ease  as  seen  in  Table  VI  :!>. 

Although  the  intensities  of  tin-  Auger  lines  do  not. 
seem  to  lie  influenced  by  the  difference  in  chemical 
hinding  for  the  three  cations,  we  observed  an  effect  on 
the  widths  of  the  Auger  lines.  The  fluorine  Auger  lines 
of  LiF  and  MgF2  were  0.2  e\'  and  v  0.7  eV 
hroadcr  respectively  than  ttic  Auger  lilies  of  NiiF. 

T’lie  fluorine  Augci  lines  not  only  have  different 
widths  in  diffeient  com  pom  ids  Imt  they  are  all  hroadcr 
than  the  Anger  lines  of  the  element  sodium  (atomic 


nnmoei  'A  11).“  'I'lii:'.  trend  heeumes  even  more  pro¬ 
nounced  in  the  Auger  spectrum  of  oxygen  (£  8) 

which  has  liven  the  subject,  of  preliminary  studies  in 
several  solids.  All  example  of  ail  Anger  spectrum  oh¬ 
tained  from  a  solid  containing  oxygen  is  shown  in 
Fig.  VI:  12.  The  spectrum  was  recorded  from  Ti()a. 
The  assignment  of  final  .-.rates  is  made  under  the  as¬ 
sumption  that,  the  bonds  are  -oinplctcly  ionic.  Arrows 
in  the  figure  indicate  the  energies  calculated  according 
to  semicmpiriral  formulae  (see  Appendix  4). 

If  the  oxygen  did  not  receive  any  electrons  from  the 
titanium  it  would  have  three  electron  vacancies  in  the 
initial  state  configuration  and  four  vacancies  in  the 
final  state  configuration  of  the  Auger  transition  and 
many  more  states  would  he  available.  The  difference 
in  electronegativity  between  oxygen  and  titanium 
corresponds  to  a  ~  fit)  %  ionic  character  of  the  bonds. 
This  implies  a  more  complex  Auger  spectrum  than  the 
assignment,  in  Fig.  VI:  12.  One  way  to  estimate  the 
influence  of  the  increased  complexity  on  the  observed 
line  widths  would  lie  to  study  the  Aui«t  spectrum  of 
gaseous  oxygen.  It  is  however  likely  that  the  major 
pari  of  the  broadening  will  find  an  explanation  in  solid 
stats-  effects  (see  Section  111:2). 
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VII.  PHOTOELECTRIC  CROSS  SECTIONS 


1 11  the  photoelectric  process,  the  energy  of  a  radiation 
(|imiitinn  is  trunsfcrre d  to  an  atomic  — t con  which  is 
liberated  from  a  bound  state.  The  probability  for  the 
process  depends  on  the  wavelength  ).  of  the  radiation 
and  the  atomic  number  7.  of  the  element.  Many  elect¬ 
ron  spectra  resulting  from  the  photoelectric  process  of 
X-rays  have  been  shown  in  the  preceding  chapters,  in 
which  we  have  discussed  mainly  tile  information  t  hat  is 
obtained  from  the  energy  determinations  of  electron 
lines  in  KSCA  spectra.  Another  interesting  aspect  of 
KSCA  spectra  was  dealt  with  in  Section  V:7,  where  it 
was  shown  tlut  the  intensity  ol  electron  lines  can  lie 
used  for  (plant itat ive  elemental  analysis.  From  inten¬ 
sity  measurements  one  can  also  obtain  information 
about  the  probability  for  the  photoelectric  effect  and 
we  shall  now  discuss  briefly  the  information  on  photo¬ 
electric  cross  sect  ions  I  hat  can  be  obtained  from  KSCA. 
spectra. 

Kxprrimnilul  studies  of  photoelectric  cross  sections 
performed  in  recent  years  have  almost  exclusively 
been  confined  to  high  radiation  energies  and  heavy 
elements.-1"  Theoretical  work  has  mainly  dealt  with 
the  elements  lead  and  uranium.-1"  For  radiation 
energies  comparable  to  the  electron  binding  energies 
and  for  light  elements  the  ealeidal ions  become  more 
complicated  and  are  very  scarce.  The  theoretical  treat¬ 
ment  of  (lie  pilot oeffeet  in  this  region  emanates  from 
the  early  1 '.kills.- ''  Kxpressions  for  photoelectric  cross 
sections  and  angular  dependence  of  entitled  electrons 
were  then  calculated  by  a  number  of  worke  Is  using 
hvlrogenie  wave  functions.2’-  2,1  The  treatment 
was  far  from  complete  but  is  believed  to  reflect  gene¬ 
rally  the  angular  clrp'Uidc  ore  of  the  emitted  electrons. 
Only  the  eontl’diiition  from  the  inner  shell  electrons  to 
the  photoelectric  cross  section  was  taken  into  account 
ill  t  liese  ealeulat ions. 

The  limited  interest,  which  has  been  paid  to  the 
calculation  of  photoelectric  mss  sections  for  low 
radiation  energies,  may  to  some  (  xtent  la-  due  to  the 
lack  of  ai  curate  experimental  data.  The  high  resolu¬ 
tion  and  precision  which  are  attained  in  KSCA  offer 


a  new  means  for  the  measurements  of  relative  photo- 
elect  l  ie  cross  sections. 

The  contribution  from  the  different  atomic  sub¬ 
shells  to  the  total  photoelectric  cross  section  for  an 
element  depends  very  much  on  the  radiation  energy. 
This  is  illustrated  in  Fig.  V 1 1 : 1  which  shows  KSCA 
spectra  from  silver  recorded  with  three  different  radia¬ 
tion  energies:  Wl\y.x  (a),  CrA'z.,  (b)  and  CuA’a,.aa  (e). 
The*  angle  between  the  photon  direction  and  the  di¬ 
rection  of  analysed  electrons  was  (Hl°  in  all  cases. 
Crystal  monochroinatizrd  radiation  was  used  in  the 
recording  shown  in  Fig.  VII  :  I  b  whereas  t lie  two  other 
spectra  were  recorded  with  unfiltered  X-radiation. 
The  lines  m  the  spectra  are  due  to  electrons  expelled 
from  the  A' |  (4v).  A’n  (4/;,,.,).  and  A',,,  (4//;i  .)  siibshclls 
in  silver,  and  to  electrons  expelled  from  the  conduction 
band  of  silver.  The  conduction  band  consists  of  4./  and 
as  states.  The  4c/  band  is  much  narrower  than  the  5s 
band,  see  Chapter  IV.  The  peak  close  to  landing  energy 
zero  in  each  spectrum  is  therefore  to  a  large  extent  due 
toe/  electrons.  In  the  three  spectra,  we  thus  observe 
essentially  the  dependence  of  photoelectric  cross  seo- 
t ion  c m  photon  energy  for  s( A'j).  /d A'M.A’H])  and  d  (,VJV, 
A\.)  electrons  having  binding  energies  which  are  small 
compared  to  the  pilot  on  energy. 

As  can  be  seen  from  the  figures,  t be  three  speed ra 
look  cpiile  different.  The  intensities  of  the  Ay  and 
A',,  m  lines  relat  ive  to  the  intensity  of  t  be  line  associat  - 
eel  with  the  conduction  band  increase  with  increasing 
radiation  ene  rgy.  The  effect,  is  relatively  larger  for  the 
A' |  electron  line. 

The  abov  spectra  illustrate  I  lie  strong  dependence 
of  relative  subslicdl  photoelectric  cross  sections  on 
the  radiation  energy.  The  dependence  on  atomic 
numbe  r  is  also  very  pronounced.  This  is  demonstrated 
in  I'hg.  \' 1 1 : li  where  the  1jx.  A,,,  and  electron 
lines  cd  sodium  (Z  II)  and  vanadium  [7  t/.'l)  are 

shown.  The  radiation  used  for  exciting  the  spectra 
was  uliiiiiituiiii  A  z.  The  intensity  ratio  between  the 
/,,  electron  line  and  the  /,,,  •  /,,,,  electron  lines  is  To 
for  sodium,  whereas,  it.  is  only  U.t/t)  for  vanadium. 
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Fig.  VI  1:2.  lOlnet-ron  spectrum  of  sodium  and  vanadium  rreordod  with  Al Ku  radiation.  Tin*  raiutm*  intonsitii-H  of  the  L t 
ami  /yjj,  f/jii  oloctnm  linos  arc  quito  different.  for  Hod.iinn  (Z  II)  and  vanadium  (Z>  2«i).  Since  the  spectrum  c »f  vanadium 
whs  recorded  from  vanadium  oxido,  electron  linos  from  oxygen  won*  also  obtained.  Tho  oxygon  lino  soon  in  tlm  spO(*triun  can 
therefore  bo  usoid  for  oolliparing  tho  pbotooloct tie  absorption  in  tho  I\  slioll  of  oxygon  with  that  nl  tin*  L  HubshoUs  of  vana¬ 
dium.  (0 
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Fig.  VII  :  3.  Tim  figure  shows  tho  experimentally  determined 


In  Ki g.  VII  :3  \v<*  have  plotted  the  experimentally 
determined  !  />,,,)  intensity  ratios  fora  number 

of  elements  from  sodium  to  vanadium.  Tho  ratios  were 
doduood  from  spectra  obtained  in  tile  measurements 
of  L  level  energies  in  t  his  /-region.  The  radiations  used 
were  AlAoc,  i'rh'a,,  and  (Hi  AT«, .  A  curve  bus  been  fitted 
to  the  experimental  points  for  each  radiation.  Kxtra- 
poliition  of  these  curves  gives  a  result  similar  to  that 
obtained  from  Fig.  VII:  i.  The  ratio  between  the 
photoeleetrie  eross  sections  for  t  he  •Jx( /y,)  and  tip(/j ,,  i 
t  Lln)  elect  roiis  in  an  element  increases  with  increasing 
photon  energy.  For  a  certain  photon  energy  it  decreases 
with  increasing  atomic  number.  The  same  trends  are 
is  obtained  from  the  analytical  expressions. 


/zj/r/.j,  !  //,,,!  intensity  ratio  for  a  number  of  elemenls  from 
Hotlium  to  vanadium  rJ'tie  radiations  used  were  AlA'u,  1‘rAu,, 
CuKVl,.  A  curve  him  lieen  fitted  lo  the  experimental  points  for 
eaidi  radiation,  Tim  datn  show  tlm  rapid  decrease  in  tlm  ratio 
between  the  photoelectric,  cross  Heel-ion  for  the  ::*(/zj)  noil 
2/’(/zj,  i  //,„)  electro) IS  with  iiirreasins  atomic  IIUlTlIier. 
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According  to  Kelmr253  the  angular  distribution  of 
photocleetrons  omitted  from  the  L,  subshell  can  be 
written,  omitting  a  constant,  as 

J  Ll(0,q')  k  sin20  co.s2r/>  I  sin20  cns2(/>^  1  -  (1) 

while  that  of  the  Ln  and  Lm  electrons  is  written  as 

J‘-n,J°>'r)  *  hv  f1  +  ^  ^  V 

-1-  “M  cos  0^1  4  2  sin20  cos2  4-  ^  Lj  j  j  (2) 

where 

0  >■-  angle  between  the  direction  of  the  incident 
radiation  quantum  and  of  the  emitted  electron. 
q>  —  angle  of  polarization  of  the  radiation. 
hv  ~  (juantinn  energy. 

-■  mean  value  of  the  ionisation  energies  of  the  L 
sub-shells. 

The  energy  //.  is  expressed  in  terms  of  the  atomic 
number  X  and  a  screening  factor  S.,  for  the  L  elect¬ 
rons263  and  is  written  as 


i,~(Z  Z*’1 13.fi  (3) 

4 

expressed  in  eV, 

After  integration  over  the  polarization  angle  tf>  and 
using  the  appropriate  angle  G,  which  is  equal  to  !K)° 
in  the  experiments  quoted,  we  have  calculated  the 
LJ(Ln  I  Lm)  intensity  ratios  from  eqs.  (1)  (!i).  The 
same  trend  as  in  the  experiments  is  observed  l>ut  the 
ratio  is  approximately  twice  as  large  as  the  experimen¬ 
tal  value  for  each  element  and  radiation.  The  difference 
in  kinetic  energy  for  the  /.,  and  I'm  electrons 
favours  the  Lu  and  Lin  electrons  lines  somewhat,  see 
.Section  V:7.  However,  the  energy  difference  is  small 
compared  to  the  kinetic  energy  in  most  eases  and  can¬ 
not  he  tins  explanation  for  the  discrepancy. 

In  Fig.  VII  :i  one  observes  another  electron  line  in 
the  vanadium  spectrum  besides  the  L  lines,  It  is 
identified  as  the  K  electron  line  of  oxygen  in  V„06. 
This  line  can  he  used  for  comparing  the  photoelectric 
absorption  in  the  K  shell  of  oxygen  with  that  of  the 
L  subshells  of  vanadium.  It  is  thus  possible  to  deter¬ 
mine  from  KNCA  spectra,  relative  photoelectric  cross 
sections,  not  only  w  ithin  an  element  but  also  between 
different,  elements. 
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VIII.  INSTRUMENTS  AND  EXPERIMENTAL  TECHNIQUES 


VI 1 1  : 1 .  Experimental  Conditions  for  ESCA 

In  order  to  find  the  optimal  conditions  for  KSt’A  a 
variety  of  possible  experimental  arrangements  must 
be  considered.  The  basic  requirement  is  hi jh  nicrt/;/ 
revolution.  In  order  to  obtain  useful  information  about 
atoms  and  molecules  from  ESCA.  the  line  widths 
generally  have  to  be  of  the  order  of  the  inherent 
widths  of  the  atomic  levels.  Kor  example,  the  chemical 
structure  effects  that  one  wishes  to  study  are  often  of 
this  order  of  magnitude,  i.e.  some  e V  or  less.  As  pointed 
out  in  Chapter  I.  the  ESCA  line  width  is  determined  by 
the  spectrometer  aberrations,  the  widths  of  the  spect¬ 
rometer  slits  (i.e.  the  cut  Mince  slit,  defining  the  effect¬ 
ive  source  width,  and  the  detector  slit),  the  inherent 
width  of  the  X-ray  line  which  is  used  to  excite  the 
electron  spectrum,  and  the  inherent  width  of  the 
atomic  level  under  study. 

In  other  types  of  charged  particle  spectroscopy,  for 
example  mass  sped  roscopy,  t  he  ions  are  all  accelerated 
in  a  selected  dirmiinn.  The  situation  is  similar  in  the 
study  of  discrete  energy  loss  spectra  of  electrons.  The 
electrons  to  he  analysed  in  ESCA  are  emitted  more  or 
less  isotropically  from  a  broad  source.  This  is  the  ease 
for  Auger  electrons  and  also,  to  some  extent ,  for  phot  o- 
eleet ions,  which,  however,  are  preferentially  emitted 
perpendicular  to  the  incoming  .X-ray  beain.232  Kor 
this  reason  it  is  desirable  that  the  incident  X-ray 
beam  should  he  perpendicular  to  the  electron-optical 
axis. 

Since  electrons  are  emitted  to  a  high  degree  isotropi¬ 
cally  from  the  irradiaied  sample  and  the  total  intensity 
from  the  outermost  layer  is  rather  low,  it  becomes  a 
quite  delicate  operation  to  balance  resolving  power 
and  luminosity  in  the  electron  analysing  instrument. 
Two-directional  focussing  in  magnetic  or  elecirie 
fields,  i,-.  then  of  special  in t -rest.  By  this  means,  t he 
dispersion,  and  with  it  the  irradiated  area  of  the  speci¬ 
men.  can  be  increased  w  itliout  either  a  loss  in  resolving 
power  or  of  intensity  hi  (In  beam  of  lot  issed  elect  runs. 
The  larger  the  dimensions  of  the  spectrometer  the 
larger  become,'  the  Inmiiiosit y ,  defined  as  Source  area 


times  transmission.  For  an  optimally  adjusted  system 
the  factors  that  limit  the  resolution,  i.e.  source  width, 
detector  slit,  and  spherical  aberrations,  should  all 
contribute  equally.  A  retarding  electric  field  could  be 
employed  to  reduce  the  energy  of  the  electrons  before 
the  analysis  in  the  spectrometer.  This  would  reduce 
the  resolving  power  required  in  the  dispersive  system, 
whether  this  he  magnetic  or  electric  ill  nature.  Such 
arrangements  have  been  used  ill,  for  example,  mass 
speet  roscopy .-‘l!  YVc  have  used  a  prc-rctarding  (and 
pre-aeeelerating)  electric  field  for  the  electron  spectro¬ 
scopic  detenu  ilia*  ion  of  hie,  described  in  Section  III  :  S. 
It  was  t Imn  founo  that  a  retarding  field  decreased  the 
luminosity  of  the  total  system  whereas  ail  accelerating 
field  increased  the  luminosity.32  This  is  in  accordance 
with  the  Lagrange-Helmholty,  law2' 

X'  S  ■  A'1  =-  const .  (1 ) 

x  angle  of  divergence  ol  the  lieani 
,X'  beam  si'/.e 
K  energy 

which  is  valid  both  for  photon-  and  electron -optical 
systems.  It  is  thus  quite  generally  true  that  t  lie  pre 
retarding  electric  field  acts  as  a  defocussing  lens  or 
gives  an  intermediate  image  (virtual  or  real)  that  is 
larger  than  the  object.  In  both  eases  the  acceptance 
angle  of  the  spectrometer  has  to  he  made  larger  if  the 
aforementioned  optimal  adjustment  is  to  he  accomp¬ 
lished.  Provided  that  the  required  field  can  he  attained 
over  the  larger  volume  that  results  from  this  larger 
acceptance  angle,  there  is  no  loss  of  intensity  for  a. 
given  size  of  the  spectrometer.  The  most  convenient 
size  of  speet rometi  r  is  of  course  open  to  discussion. 
Small  dimensions  m<  an  .somew  hat  smaller  manufact tir¬ 
ing  costs,  a  smaller  vacuum  recipient  and  a  compen¬ 
sating  system  for  external  magnet  ie  fields  < hat  requires 
less  space,  burger  dimensions  offer  (lie  advantage  ot 
larger  total  luminosity.  As  a  convenient  size  we  have 
chose;  a  central  orbit,  radius  of  around  150  cm  in  our 
later  iiistrimieii..  designs.  The  dimensions  are  to  some 
extern  dii  tated  hv  tin- type  of  work  that  one  plans  to 
do. 
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As  an  alternative  to  the  electric  field,  discussed 
above,  it.  should  he  ]>ossihle  to  use  a  magnetic  conden- 
sor  lens  to  capture  a  larger  solid  angle  from  the  irra¬ 
diated  sample.  One  has  in  this  ease  also  to  consider  the 
total  effect  of  the  combined  system  taking  into  account 
the  Lagrange-Helmholt/,  relation. 

The  high  resolution  magnet  ie  double  focussing 
30-em  instrument5  that  was  first  constructed  for  KSf'A 
(see  Section  \r  1 1 1  : 2  and  Appendix  S)  proved  to  be  a 
veiy  suitable  instrument  llasie  experience  of  KS<‘A 
was  aeiptired  using  this  instrument  and  many  now 
design  features  were  incorporated  as  the  experiments 
proceeded  A*  A  new  instrument  was  finally  designed 
(Section  Vlll:4)  resembling  in  its  basic  features  the 
original  one  but  also  incorporating  a  number  of  im¬ 
provements.  especially  in  the  coil  design  A*1  see  fig , 
VI  111. 

Instead  of  analysing  the  « -li •» ■( it >i v  hpeitrum  in  a 
magnetic  field,  if  is  possible  to  use  an  electric  field. 
Two-directional  h  cussing  can  also  he  attained  in  this 
case  and  the  theory  for  this  has  been  described  in  the 
lit  ernf  lire  (see  Appendix  ft).  However,  no  instru¬ 
ment  of  this  kind  had  Seen  built  that  approached  the 
performance  required  for  KSl’A  work.  The  advantage 
with  t liis  type  of  spectrometer  is  primarily  that  it  can 
more  easily  he  designed  f(  >r  sector  focussing  than  a  mag¬ 
net  if  instrument .  since  t  he  disturbing  fringing  fields  at 
the  boundaries  of  the  spectrometer  field  can  more  easily 
he  controlled. -™1 For  example,  one  can  completely 
eliminate  all  fields  at  the  sourer,  both  of  elect rie  and  of 
magnetic  origin.  This  is  a  great  advantage  particularly 
when  excitation  is  made  with  an  electron  beam.  The 
electrostatic  sector  focussing  instrument-*7  described 
in  .Section  VIII  :5  was  constructed  for  tins  particular 
type  of  experiment.  A  drawing  of  this  instrument  (not 
exactly  to  •icalc  and  with  many  details  left  out)  is 
shown  in  Fig.  YHI.ft.  To  attain  the  high  resolution 
required,  the  mechanical  construction  and  the  adjust¬ 
ments  demand  the  utmost  precision.  On  the  other 
hand,  this  instrument  is  in  many  respects  convenient 
to  operate,  Resolution  and  transmission  are  about  the 
name  us  for  the  magnet  ie  instruments. 

The  two  spectrometer  principles  mentioned  above 
can  he  considered  the  basic  types  for  KSf'A.  In 
addition  to  these,  there  are  other  modifications  t" 
which  some  mention  may  lie  made  here,  since  Kiev  are 
tile  subject  of  a  closer  study  by  our  group  and  have 
been  employed  in  some  eases.  The  sector  focussing 


Fig,  V[  [  ( :  I .  t.'ut  -away  view  of  t  lie  new  magnet  ie  sport  rometcr. 


magnetic  instrument  incorporates  two-directional  fo¬ 
cussing,  either  by  means  of  an  air-cored  coil  system 
or  by  means  of  an  iron-yoke  magnet,  see  Fig.  S  ill:;!. 
In  the  former  ease  one  has  to  take  the  effect  of  the 
fringing  field  into  account  when  calculating  the  coil 
dimensions  and  the  calculations  arc  relatively  com¬ 
plicated  for  optimal  performance,  bike  other  iron- 
tree  instruments  it  must  have  an  extra  coil  system  for 
eliminating  the  earth's  magnetic  field  and  other  oxter 
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Kig.  VII!;  L>.  Hchcimitir  vjow  <>f  t-ho  i*leetro»liitii5 
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mil  magnetic  fields,  However,  with  such  un  arrange  - 
ment  one  has  (lie  advantage  of  strict  linearity  between 
H|)cctrometer  current  noil  magnetic  rigidity  of  (lie 
focussed  electronic 

A  magnetic  sector  instrument.  with  pole-pieces  of 
iron  is  of  interest  because  it  is  easier  (si  construct  and 
also  because  it  docs  not  require  a  compensating  Hystcin, 
since  external  magnetic  fields  could  he  almost  totally 
eliminated  by  the  iron  yoke.  The  existence  of  magnetic 
boundaries  in  such  a  magnet  means  that  one  lias  one 
more  degree  of  freedom  that  can  he  utili/.ed  to  improve 
the  resolution  and  transmission.  Altogether  it  is  easier 


hi  at  tain  the  desired  field  over  a  larger  volume  by  means 
of  inm-eored  magnets  than  by  means  of  air-cored  coils. 
The  non-linearity  between  current  and  magnetic  rigi¬ 
dity  of  focussed  electrons  can  he  accepted  in  many 
eases.  Some  uncertainty  is  in  trod  must  as  to  the  con¬ 
stancy  of  the  expansion  coefficients  of  the  field  at 
different  energies,  particularly  at  low  fields.  If  this 
problem  can  he  overcome,  the  use  of  curved  jsile 
boundaries  in  the  iron  yoke  sector  magnet  would  |>er- 
mit  an  increase  in  the  luminosity.  Theoretically,  it 
should  he  possible  to  attain  t  wo  directional  focussing 
and  second  order  focussing  at  the  same  time5*  (aliorra- 
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Fig.  VI II :  3.  A  sector  focussing  umgnctic  instrument  with  twodircel ions)  torllMHUig  being  designed  for  KS(!A  measurements. 


tion  coefficients  of  q>l  and  yfi  vanish  simultaneously, 
<f>0  and  V’n  arc  the  radial  and  axial  angles)  of  departure, 
respectively).  This  necessitates  a  very  careful  shim¬ 
ming  of  the,  pieces. 

The  dispersion  of  tins  magnetic  as  well  as  the  cleetro- 
statie  double  focussing  field  is  twice  that  of  the  homo¬ 
geneous  magnetic  field.111,4*  Furthermore,  one  can 
increase  this  dispersion  by  increasing  the  size  of  the 
sjH'etroinctcr  without  loss  of  transmission  because  of 
the  two-dircetional  foeussing.  This  cannot  he  done 
in  the  homogeneous  field.  All  three  fields  focus  dif¬ 
ferent  energies  in  well-defined  focal  plain's  so  that 
a  broad  region  of  this  electron  sjieotriirn  can  be  recorded 
simultaneously.  The  homogeneous  field  is  superior  to 
the  non  uniform  fields  in  this  respect,  since  the  energy 
interval  that  is  focussed  is  much  larger  for  the  homo¬ 
geneous  field.  From  this  point  of  view,  it  is  often 
advantageous  to  use  the  semicircular  focussing  prin¬ 
ciple  in  spite  of  its  low  transmission.  The  natural  de¬ 


tector  for  the  electrons  is  in  this  ease  the  photographic 
plate.  Photographic  detection  does  not  invobo  any 
particular  difficulties  as  long  as  electron  energies  are 
larger  than  1()  keV;  at  lower  energies,  however,  then' 
have  been  difficulties  in  using  this  type  of  detection. 
The  use  of  photographic  detection  in  1CS0A  is  there¬ 
fore  not  straightforward,  since  KSCA  spectra  generally 
have  energies  below  10  keV.  For  example,  copper  Ka 
radiation  yields  electron  energies  below  H  keV  and  the 
magnesium  /tot  radiatiei  yields  electron  energies 
below  1 ,2  ke.V.  To  investigate  the.  possibilities  of 
utilizing  the  semicircular  focussing  principle  for  KNOA, 
the  homogeneous  field  ]STinanent  magnet  spectrometer 
described  in  Section  V!  11:11  was  constructed,01 

It,  is  not  usually  necessary  to  have  strictly  mono¬ 
chromatic  X-radiation  for  the  excitation  of  photo- 
electron  spectra  since  the  magnetic  or  electrostatic 
field  also  resolves  the  electron  spectrum  with  re.ijiect 
hi  the  different,  X-ray  components.  Of  these,  the  Ka. 
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Fig.  V 1 1 1 : 4 .  'rim  prinrinli!  'if  i-ombincil  crystal  mid  magnetic  focussing  for  eliminating  inherent  width  of  X-radiation. 


lilies  are  one  order  of  magnitude  stronger  than  any 
other  elmraeteristie  X-radintion  ami  are  therefore  the 
most  convenient  lines  for  exciting  the  electron  spectra. 
The  energies  of  the  Ka  lines  of  copper  and  chromium 
ure  sufficient  to  permit  the  photographic  detection 
of  the  X-ray  produced  electrons;  however,  the  sepa¬ 
ration  between  the  a,  and  a2  components  is  quite 
small  for  these  elements  and  the  corresponding  doublet 
structures  in  the  electron  spectra  dm  smnetirnes  eniii- 
plicnte  the  interpretation,  particularly  when  chemical 
effects  are  studied.  To  avoid  this  and  to  reduce  the. 
background  of  electrons  that  have  been  excited  by  the 
continuous  radiation  and  by  harder  components  in  the 
characteristic  radiation  (with  subsequent  decrease  in 
energy),  a  combination  of  crystal  monochromutization 
of  the  X-rays  and  magnetic  analysis  of  the  electrons 
has  been  tried.61  The  sample  is  attached  to  a  thin  wire 
(^—0.05  min)  and  the  monochromator  is  adjusted  so 
that  the  Kai  component  is  suppressed  and  only  the 
K a,  line  strikes  the  wire.  In  this  way,  the  desired  con¬ 
ditions  are  attained,  although  with  a  considerable 
reduction  in  intensity.  The  crystal  monochromator 
focusses  the  X-ra.diu.Lijn  on  the  source  wire  which 
constitutes  the  object  in  the  electron-optical  system, 
but  two  factori,  resulting  in  a  reduction  in  intensity 


are  introduced  at.  the  same  time.  These  are  the  reflecti¬ 
vity  of  the  crystal  and  the  effective  aperture  angles  of 
the  X-ray  optical  system.  An  additional  factor  is  the 
low  luminosity  of  the  semicircular  focussing  of  the 
electrons.  The.  electron  spectrum  produced  by  this 
arrangement  is  of  low  intensity  and  long  exposure  times 
are  required.  To  compensate  for  this  we  have  developed 
a  rapid  technique  for  retrieving  all  the  informa¬ 
tion.  that  is  stored  in  the  photographic  emulsion.*3 
This  technique,  has  made  it  possible  to  delineate  line 
profiles  and  measure  line  intensities  accurately  even 
in  eases  when  the  lines  are  so  weak  as  to  he  invisible  to 
the  eye.  It  has  also  been  applied  to  the  low  electron 
energies  that  are.  obtained  with  the  Mg  and  A!  radia¬ 
tions.  The  instrument  by  which  this  analysis  is  made 
may  lie  described  as  an  automatic  television  lliiero- 
deiisitoirieter.,1',,<)  It  is  discussed  in  some  detail  in 
Section  VIII  :8.  It  may  be  added  that  this  photometric 
technique  for  weak  spectra  can  also  be  apple'd  to 
optical  spectra,  mass  Hpcc.tra  etc.®6, 71 

From  the  combination  of  crystal  dispersion  (of  the 
X-radiation)  and  magnetic  dispersion  (of  the  electrons) 
the  possibility  arises  of  eliminating  the  contribution  of 
the  X-rav  line,  width  to  the  total  width  of  the  observed 
electron  line.  The  principal  arrangement  is  shown  in 
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Fig.  VIII :  4  wlu-re  we  have  chosen  a  semicircular 
spectrometer  for  the  magnetic  dispersion.  After  Bragg 
reflexion  in  the  crystal  the  X-ray  spectrum  will  be. 
distributed  over  the  target  in  such  a  way  that,  each 
point  on  the  target  corresponds  t.o  r  certain  wave¬ 
length.  This  is  valid  even  for  the  different  wavelengths 
of  one  and  the  same  X-ray  line  provided  that  the 
crystal  is  perfect,  i.e.  if  its  diffraction  pattern  (rocking 
curve)  is  much  narrower  than  the  natural  width  of  the 
X-ray  line.  A  higher  energy  photon  hits  the  target  to 
the.  right  (in  the.  heurn  direction)  of  a  lower  energy 
photon  as  depicted  in  the  figure  and  the  photoeleetrons 
produced  by  the  higher  energy  photon  have  a  larger 
trajectory  radius  in  the  electron  spectrometer.  The 
target  is  tilted  an  angle  a  with  respect  to  the  incoming 
X-radiation  and  the1  angle  a.  can  he  adjusted  so  that 
photoeleetrons  emerging  from  different  parts  of  the 
target  are  brought  to  a  common  focus  which  is  jn 
dependent  of  the  X-ray  wavelength.  The  condition 
that  the  crystal  and  magm  l  !e  field  dispersions  should 
cancel  out  is 


IC  pholoeleetron  energy 
o  radius  of  electron  trajectory 
1)  crystal  dispersion  tlxjd(hv)  (x  is  direction  of  emit¬ 
ted  photoeleetrons) 

The  angle  a  calculated  from  eq.  (2)  is  .'>''■■20'  for 
systems  that  arc  convenient  to  use.  A  further  analysis 
of  the  arrangement,  is  given  in  Appendix  10.  Experi¬ 
ments  have  shown  that  it  is  possible  to  use  this  tech¬ 
nique,  hut  strict  requirements  arc  placed  on  the  quality 
of  th(!  crystal.  It  would  he  possible  to  combine  the 
crystal  dispersion  with  electron  spectrometers  that, 
have  higher  t  ransmission,  for  example,  an  electrostatic 
or  a  magnetic  double  focussing  instrument.  The  above, 
condition  then  has  to  be  modified  owing  to  the  different 
dispersion  of  these  electron  focussing  devices. 

A  reduction  of  the  wavelength  interval  of  the  ex¬ 
citing  X-radiation  beyond  the  inherent,  width  of  tile. 
X-ray  transition  could  in  principle  be  attained  by 
successive  Bragg  reflexions  ill  two  flat  crystals.  If 
the  crystals  arc  placed  in  the  («,  n)  position,  the  radia¬ 
tion  reflected  from  the  second  crystal  comprises  a 
wavelength  interval  that  is  defined  by  the.  diffraction 
pattern  of  the  crystal.  For  perfect  crystals  this  wave¬ 


length  interval  would  be  considerably  small,  r  than  the 
inherent  width  of  an  X-ray  line.  However,  this  im¬ 
provement  of  the  monochromatization  could  be  attain¬ 
ed  only  at  the.  expense  of  intensity. 

Since  the.  potentialities  of  the  ESCA  method  are 
dependent  on  the  ultimate  line  widths  which  can  be 
attained,  in  particular  in  studies  of  chemical  shifts,  it 
is  worth-while  to  discuss  in  some  detail  the  factors 
limiting  the  resolution.  Let  us  consider  the  case  where 
soft  X-rays  are  used  to  excite  the  electron  spectra. 
According  to  Fig.  11:11,  the  inherent  width  of  the 
A’a  radiation  of  A1  is  determined  both  by  the  spin 
doublet,  splitting  and  the  inherent  width  of  each  line 
in  the  doublet.  The  total  width  (at  half  maximum 
intensity)  amounts  to  about  1.0  eV.  Sin.ce  the  doublet 
splitting  increases  with  j5',m  a  valuable  reduction  in 
width  can  he  gained  by  going  from  A1  to  Mg.  A  reason¬ 
able  estimate  of  this  width  would  he  0.7-0. 8  eV.  If 
Na  anodes  can  he  developed  which  can  sustain  a  suffi¬ 
ciently  high  dissipation  of  power,  a  further  reduction 
in  line  width  can  he  expected.  Still  lower  Z  elements, 
like  earlton,  can  he  used  but  the  inherent  width  is 
much  larger  since  the  L  levels  involved  in  the 
transition  are  appreciably  broadened  due  to  band 
structure  effects.  The  variation  of  the  inherent  widths 
of  the  levels  with  Z  is  depicted  in  Fig.  11  :S  for  the  K 
and  L ,,,  levels.  Since  the  chemical  shifts  are  about,  the 
same  for  different,  shells  it  is  preferable  t:>  study  the 
chemical  effect  on  levels  that  have  minimum  hand 
broadening  and  also  minimum  Heisenberg  broadening 
(due  to  the  uncertaint  y  principle).  Thus  in  the  third  and 
fourth  period,  the  L,,  ,,,  levels  are  suitable  for  this 
purpose;  in  the  second  period  which  contains  the  ele¬ 
ments  carbon,  nitrogen  and  oxygen,  the  K  level  is 
the  most,  suitable  one.  hi  these  eases,  the  internal 
widths  are  a  few  tenths  of  an  electronvolt.  Dis¬ 
regarding  for  a  moment,  the  possibilities  to  reduce  the 
width  of  the  exciting  X-radiation,  we  arrive  at  a 
minimum  width  of  ESC1A  lines  cf  **  1.0  rV.  Since  it  is 
highly  desirable  to  approach  this  width,  the  contribu¬ 
tion  from  the  finite  resolution  of  the  electron  spectro¬ 
meter  should  he  kept  at  a  minimum.  In  some  caw  s,  we 
have  been  able  to  record  ES(1A  lines  with  a  width  of 
I  „‘t  eV  (see  for  example  Figs.  1:5  and  1:7)  which  is 
close  to  the  ultimate  limit. 

An  improved  energy  resolution  would  he  achieved 
if  the  crystal  dispersion  —magnetic  dispersion  could 
ho  further  developed  or  if  two  flut  crystals  could  be 
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used  for  monncnroinatization  of  the  X-rays,  as  men¬ 
tioned  above.  The  contribution  from  the  spectrometer 
aberration,  which  is  already  small  in  the  magnetic 
double  focussing  instrument,  can  be  further  reducer! 
without  loss  of  intensity  (rather  with  a  gain  in  intensi¬ 
ty)  by  inserting  an  electrostatic  corrector  for  the  spher¬ 
ical  aberration.  Such  a  device  was  suggested  by  Berg- 
kvist®**  who  applied  it  to  an  iron  yoke,  instrument.1*® 
The  arrangement  is  more  easily  adapted  to  an  ironfrex; 
magnetic  instrument  because  of  the  constancy  of  the 
expansion  coefficients  of  the  field.  A  corresponding 
corrector  for  an  electrostatic  instrument  cannot  hr1, 
so  easily  incorporated. 

The  X-ray  unit  should  lx,  constructed  to  meet  the 
following  requirements:  The  anode  should  l>c  situated 
as  close  to  the  sample  as  possible;  so  that  a  maximum 
solid  angle  of  X-radiation  is  established.  It  should  lx; 
efficiently  cooled  to  permit  maximum  loading  of  the; 
X-ray  tube:,  anel  the  anexle  should  Ik;  exchangeable. 
Evapeiratiein  <>t  tungsten  fre>m  the;  filament  e>n  the: 
ane>d(:  should  be  kept  at  a  minimum.  This  is  e>f  particu¬ 
lar  importance:  when  excitation  is  made  with  serft  X- 
radiatiori.  Even  a  slight  contamination  of  the;  amide 
surfaex;  then  means  a  cemsiderablc  decrease;  e;f  intensity 
in  the  ESC  A  spectrum  anei  a  relatively  large;  intensity 
e>f  jarasitic  lines  from  the.  tungsten.  In  the  most  effec¬ 
tive;  arrange me;nt,  the;  anode  is  lied,  in  a  el i root  line  with 
the  cathode:  filament;  the  i;le;ctre>n  Ixam  then  has  to 
be;  focussed  on  the  anexle;  by  special  electrode  arrange¬ 
ments,  sex:  Section  VIII  :4.  If  water  is  use-el  as  a  cooling 
agent  for  a  magnesium  anexle  it  is  preferable;  te>  apply 
the  magnesium  on  a  copper  base  sinex:  magnesium 
disseil  ves  under  prolonged  action  of  the:  water.  Both 
magne-sium  and  aluminum  can  be;  applied  in  nxmellnnt 
thermal  exintact  with  a  copper  base;  by  a  special  spraying 
technique.  To  obtain  extremely  high  X-ray  intensities, 
e»no  can  introduce  a  rotating,  water  cooled  anexle;,  Bex; 
Fig.  VJII  :29  and  Appendix  10. 

The  seiurcc  eximpartmcnt  must  be  we;ll  separated 
from  the;  X-n.y  unit;  otherwise  one  obtains  an  exces¬ 
sively  high  background  of  se»tte;nd  electrons.  The  X- 
radiation  is  allowed  to  jiaea  through  a  thin  windeiw, 
usually  aluminum.  The  choice  of  window  material 
and  thickness  of  the  window  is  determined  by  the 
filtering  action  on  the  X  -rays  that  one;  wishes  to  em¬ 
ploy.  X-ray  ubsorption  coefficients  for  different  ele¬ 
ments  os  a  function  of  X  ray  energy  have  bex;n  <x>m- 
pilod  in  graphical  form  in  Appendix  7  and  can  be  used 


for  finding  the;  Ix-ct  filter  in  each  case.  One  purjxiBC  of 
the  X-ray  filter  is  to  prevent  low-energy  radiation 
from  causing  undesirable  radiation  effects  in  the 
sample. 

Sources  can  be  prepared  in  different  ways.  The 
quality  of  an  ESCA  electron  spectrum  is  not  partiem- 
larly  dependent  e>n  the  preparation  technique  that  is 
utilized,  nor  on  the;  thickness  of  the  source  or  on  the; 
degree  of  vacuum  in  the  spectrometer.  The  radiation 
shoold  strike  the;  sample;  surface  at  an  angle;  of  45°; 
however,  the;  angle  of  incidence  is  ne>t  very  critical. 
Since;  ESCA  is  a  methexl  by  which  a  surface  layer  of 
around  ICO  A  is  analysed,  erne  should  avoid  surface 
contamination.  Oil  vapours  from  the  vacuum  pumps 
sheiuld  be  avoided  sinex;  those  give  a  carbon  line  which 
increases  in  intensity  with  time  at  the  expemse  of  in¬ 
tensity  in  the  spectrum  unde;r  study  (sex;  Section  V:7). 
We  have  lisexi  thiB  characteristic  carbon  lino  as  a  con¬ 
venient  calibratiein  line  in  many  exux*  but  its  presence 
is  sometime*  disturbing,  particularly  when  organic 
compounds  are;  studied.  We;  have  therefore  provided 
one;  instrument  with  non-magnctic  ion  pumps  ami 
sorption  roughing  pumps  instead  of  oil  diffusion  pumps 
and  rotary  roughing  pumps.  Reference  lines  can  then 
lx;  ohtainexl  by  evaluating  an  cxtre:me;ly  thin  film 
(only  a  few  atomic  layers)  on  the;  sample  surfaex-,  pre¬ 
ferably  of  some  e;le;ctrie»lly  conducting  material,  or 
by  mixing  the;  sample:  under  stueiy  with  a  substance: 
that  lias  suitable:  calibration  lines.  In  these  and 
other  case*  the  sample  is  pounded  and  can  then  lx; 
pressed  into  a  elisc  using  the  same  technique  as  fe>r 
IB  sample*.  One;  can  alsei  place:  the;  finely  pulverized 
sample  e>n  a  copper  me*h  alternatively  sexittcr  it  on 
Scotch  tape.  Elcctro-spray  technique  can  aiso  be 
used  **’  Vacuum  cvafioration  is  often  the  meist  exin- 
venient  technique  feir  substance*  that  do  not  decom¬ 
pose  during  evaporation.  For  liquids  and  gase*  wc  have 
found  continuous  deposition  on  a  cryostat  cooled 
sample  holder  during  the  measurements  to  be  very 
convenient.  By  this  technique  ESCA  can  also  be  used 
for  a  large:  number  of  chemical  compounds,  particularly 
organic  eximpounds,  that  at  room  temperature  exist  in 
the:  gaseous  or  liquid  state.  Several  cximpouneis  have 
bex;n  studied  by  this  technique;  sex:  for  example  Fig. 

1 : 14  anel  Fig.  1 : 15. 

If  adequate  arrangements  are  made  for  differential 
pumping  around  the  source;  (using  only  the  narrow 
seiurcc  slit  for  evacuating  the  sou  rex :  housing)  liquid 
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sources  can  be  studied  by  E8CA.  When  evajx>ration 
from  the  liquid  can  be  kept  at  a  convenient  level  then1: 
appears  to  exist  interesting  opportunities  to  study 
chemical  solutions.  We  have  already  used  this  tech¬ 
nique  on  liquid  mercury  with  good  results  and,  no 
doubt,  it  could  find  a  more  general  application  to 
liquids  with  higher  vapor  pressures,  provided  the 
above-mentioned  precautions  are  taken. 

Samples  that  are  electrical  insulators  could  become 
positively  charged  during  irradiation  with  X-rays  since 
electrons  are  continuously  emitted.  However,  the 
sample  is  surrounded  by  a  large  numlier  of  secondary 
electrons  that  tend  to  neutralize  any  surface  charges 
an<'  furthermore  the  electrical  conductivity  of  the 
sample  may  increase  during  irradiation  to  the  extent 
that  sufficiently  rapid  charge  transport  ia  provided 
thieugh  the  sjiecimen.  To  allow  this  latter  process  to 
te  l.e  place  the  sample  must  be  quite  thin  so  that  a 
considerable  part  of  the  incident  X-rays  can  |)»ss 
:  lough  all  the  sample.  As  seen  in  Appendix  7  the 
bf-"-thicknc.«  for  Al/Ca  radiation  is  of  the  order  of  1 
;ng/cm*.  In  some  canes  when  thick  insulating  samples 
."'re  used,  we  have  found  a  small  charge  effect  ( >»  1  V). 

>  a  such  canon  it  is  important  to  find  a  reference  line,  for 
which  the  shift  duo  to  the  charging  effect  is  identical 
with  that  for  the  spectrum  under  study.  This  can  lx 
accomplished  by  mixing  the  sample  to  be  Btudicd  with 
a  sulmtancc  that  has  suitable  re.fcrcnce  linen  an  men¬ 
tioned  above,  or  even  better  by  using  an  electron  line 
from  another  atom  in  the  same  molecule. 

When  the  line  positions  of  two  samples  are.  compared 
one  must  be  able  to  reproduce  the  source,  position 
exactly.  This  is  difficult  to  achieve  if  the  sample  itself 
constitutes  the  elcctron-opiical  source.  For  this  and 
other  reasons  it  is  appropriate  to  have  a  fixed  narrow 
slit  a  few  mm  in  front  of  the  irradiated  sample,  to 
define  the  electron -optical  source  of  the  8|x;ctroncter. 
This  arrangement  gives  a  high  reproducibility  of  the 
line  positions  (sec  p.  10)  provided  that  the  measure¬ 
ments  aro  made  after  thermal  equilibrium  has 
been  attained .  The  irradiated  area  on  the  sample  should 
be  of  such  dimensions  that  the  beam  of  expelled  elec¬ 
trons  After  passage  through  the  slit  fills  the  solid  angle 
accepted  by  the  spectrometer.  The  exact  position  of 
the  source  is  then  not  critical.  However,  in  cases  where 
crystal  focussing  is  used  for  the  X-rays  the  sample  itself 
defines  the  source  position. 

In  one  of  our  instruments  (see  Section  VIII: 6)  wo 


are  investigating  the  possibility  ol  increasing  the  inten¬ 
sity  by  a  multi-Bourcc  arrangement.  Several  fine 
wires  or  narrow  strips  which  are  covered  with  the 
source  material  are  mounted  vertically  a  short  distance 
apart.  Hy  applying  small  potential  differences  between 
the.  wins  one  can  compensate  for  the  differences  in 
radii  of  the  electron  trajectories  from  the  different 
source  wires  to  the  detector.  Such  a  system  has  pre- 
viously  been  utilized  with  gixxl  results  for  radioactive, 
sources  in  the  same  spectrometer7*  and  resulted  in  an 
increase  of  intensity  that  was  approximately  proportio- 
nal  to  the  number  of  wins  or  strips.  The  arrangement 
is  basically  the  same  as  that  developed  by  Bcrgkvist 
for  an  iron-yoke  double  focussing  /{-spectrometer .**‘-*** 
For  a  double  focussing  magnetic  spectrometer  with 
central  orbit  radius  «,  the  contribution  to  the  base- 
resolution  H  from  the  source  slit  «  and  detector  slit 
tv  is  given  by 


For  a  HO-cm  instrument,  this  means  that  a  momentum 
resolution,  defined  us  the  relative  half-width  of  an 
electron  line,  of  2- 10  4  can  be  obtained  only  if 
0.2.7  min.  Thus,  at  an  energy  of  1  kcV,  which  is  about 
the  kinetic  energy  of  electrons  expelled  by  Mg  or  A1 
Ka.  radiation,  the  total  contribution  to  the  energy  reso¬ 
lution  is  0.4  eV  from  the  source  and  detector  widths 
h  w  0.2/:  mm.  At  present,  we  arc  using  slits  of  this 
width  in  our  spectrometers,  but  smaller  slits  can  be 
used  without  detrimental  loss  of  intensity,  if  one  wishes 
to  improve  the  resolution.  In  order  to  adjust  the  open¬ 
ing  angle  of  the  electron  beam  ir ;  the  spectrometer  to 
different  slit  widths,  the  so-called  iso-alx>rration  curves 
of  the  spectrometer  have  boon  measured  so  that  the 
/-‘uni-limiting  baffle  can  be  made  to  correspond  to  the 
chosen  slits.  The  procedure  has  boon  described  in  de¬ 
tail  elsewhere*71-**;  it  is  in  principle  applicable  also  to 
the  electrostatic  instrument. 

For  a  long  time,  the  detection  of  electrons  in  the  low 
energy  region  where  ESCA  spectra  are  measured  con¬ 
stituted  a  difficult  problem.  Until  roecntly  wo  used  GM 
detection.  Although  the  formvar  windows  of  the 
counters  were  extremely  thin,  a  post-acceleration  of 
4~4>  kV  was  necessary  for  the  detection  of  eloetrons 
with  kinetic  energy  around  1  keV.  A  new  type  of 
detector,  the  continuous  channel  electron  multiplier, 
has  completely  eradicated  these  difficulties.***-**  This 
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typo  of  detector,  now  available  commercially,  may  lie 
described  as  «  windowless  electron  multiplier  with 
continuous  multiplication.  Instead  of  a  system  of 
dynodes,  the  interior  of  a  small  glass  tube  is  covered 
with  a  semiconducting  layer  from  which  secondary 
electrons  are  expelled.  Multiplication  is  achieved  by 
applying  a  voltage  of  about  4  kV  over  the  length  of 
the  tube.  There  arc  several  reasons  for  using  a  con¬ 
tinues  channel  electron  multiplier  as  detector  in  pre¬ 
ference.  to  a  Geiger  counter  for  detecting  electrons 
in  the  low-energy  region.  Its  volume  is  small,  the 
inner  diameter  of  the  tube  is  2  II  nun  or  less,  and 
the  counter  therefore  has  a  low  background.  The 
delicate  task  of  making  windows  with  a  thickness  less 
than  a  micron  is  avoided  and  no  acceleration  of  the 
primary  electrons  is  needed.  The  small  size  of  the  de¬ 
tector  makes  it  possible  to  use  an  array  of  detectors  in 
the  focal  plane  of  the  spectrometer  (see  Sections 
VIII : 4  and  VI 1 1 : <>). 

KSCA  was  originally  developed  for  excitation  by 
means  of  X-radiation,  whereby  electron  spectra  en¬ 
compassing  the  whole  range  of  atomic  energy  levels, 
from  the  core  outwards  could  he  obtained.  The 
technique  afforded  non-destructive  analysis  of  solid 
samples.  As  was  discussed  in  Chapter  V,  the  observed 
chemical  shifts  of  inner  electron  levels  arc  related  to 
the  charge  distribution  in  the  peripheral  orbitals  parti¬ 
cipating  in  the  chemical  bond.  These  shifts  are  there¬ 
fore  primarily  of  interest  as  a  phenomenon  in  molecu¬ 
lar  physics,  The  outermost  energy  levels  in  the  mole¬ 
cules,  in  the  range  between  0  and  20  eV,  can  lx-  excited 
by  UV  radiation  which  has  the  advantage  of  very  small 
inherent  line  widths.  Studies  on  the  energy  losses  of  the 
electrons  expelled  from  gaseous  samples  represents  an¬ 
other  approach; such  work  has  been  reported  from  some 
laboratories. 1  zz-! zo.zr.o  zo7.z»o  jjy  |mPi„K  ^he  source  and 
the  spectrometer  chamber  so  as  o  eliminate  even  mo- 
noatoinic  layers  on  the  souri  »  Rurfaee  and  by  working 
at  pressures  below  10  *  birr,  o  Iwih  also  been  possible 
to  use  UV  radiation  for  the  itudy  of  the  conduction 
band  in  metals. I,7  !!8,’2S* 

The  high  resolution  that  characterizes  the  KSCA 
apparatus  would  seem  to  provide  a  sound  basis  for 
achieving  a  valuable  improvement  in  the  analysis 
of  gases  by  ~JV  irradiation.  Thus  the  electrostatic, 
instrument,  has  been  furnished  with  a  helium  lamp 
emitting  the  resonance  radiation  at  21.22  eV  (584  A), 
see  Section  VIII:,1).  The  helium  radiation  passes 


through  a  capillary  tube,  which  has  a  simple  arrange¬ 
ment  for  differential  pumping,  down  into  a  small 
metal  cylinder.  This  cylinder  has  a  gas  inlet  with  a 
needle  valve.  Photoelectrons  expelled  from  the  gas 
leave  the  cylinder  through  a  narrow  vertical  slit  and 
enter  the  spectrometer  in  a  direction  perpendicular 
to  the  helium  radiation.  A  molecular  beam  arrange¬ 
ment  seems  to  offer  some  interesting  further  possibili¬ 
ties  as  an  alternative  to  the  collision  chamber. 

Electron  spectra  can  also  be  excited  by  electrons. 
This  method  of  excitation  suffers  from  the  disadvan¬ 
tage  that  solid  samples  easily  decompose  during  irra¬ 
diation  with  electrons.  This  is  one  reason  why  X-ray 
analysis  is  currently  based  on  fluorescence  radiation 
rather  than  on  radiation  derived  from  electron  impact. 
However,  we  shall  disregard  this  limitation  and  con¬ 
sider  the  various  ways  in  which  electron  spectroscopy 
by  means  of  electron  excitation  can  be  attained.  In 
one.  system,  the  electron  beam  is  directed  at  the 
sample  either  along  the  electron-optical  axis  of  the 
spectrometer  or  (approximately)  perpendicular  to  it. 
The  former  arrangement  is  used  to  study  the  discrete 
energy  losses  of  an  electron  beam  passing  through 
matter.  This  is  a  widely  explored  field  in  which  full 
advantage  has  been  taken  of  the  very  small  angle  of 
deviation  of  those  electrons  in  the  beam  which  have 
suffered  discrete  energy  losses.  The  line  width  and  the 
precision  depend  on  the  degree  to  which  tin:  primary 
electron  beam  is  inonokinetie.  So  far  experimental 
difficulties  have  prevented  the  study  of  inner  levels 
by  this  technique.  For  KSCA  the  second  alternative 
seems  particularly  attractive.  Electrons  arc  expelled 
from  inner  shells  by  means  of  the  interaction  caused 
by  the  rapidly  varying  electric  field  from  a  beam 
electron  as  it  passes  the  atom.  It  is  a  process  that  can 
lie  visualized  as  an  impact  in  which  the  incoming 
electron,  the  reflected  electron,  the  expelled  electron 
and  the  atom  are  involved.  This  is  a  more  complicated 
situation  than  ordinary  X-ray  p'  itoelect.ric  emission 
which  results  in  essentially  uuaiokinetie  electrons 
(apart  from  the  level  widths  and  the  atomic  recoil 
energies).  Monokinctic  electron  beam  impact  will  re¬ 
sult.  in  a  continuous  electron  spectrum  for  each  atomic 
level  with  at.  best  a  fairly  well  defined  peak  at  its  upper 
limit,  dependent  on  the  geometrical  conditions.  The 
Auger  process,  however,  results  m  monoenergetio 
electrons  independent  of  the  energy  of  the  incoming 
electrons  and  only  subject  to  the  same  inherent  broad- 
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filings  as  ordinary  X-ray  produced  Auger  electrons. 

If  im?  furthermore  restricts  oneself  to  the  study  of 
gases,  the  effect  of  the  destruction  of  the  sample  upon 
electron  impact  can  be  eliminated  by  a  slow  flow  of 
the  gar..  The  same  equipment  can  be  used  us  before 
except  that  the  He  lamp  is  replaced  by  an  electron 
gun.  The  electron  beam,  of  small  diameter  and  with 
an  energy  of  a  few  keV,  is  directed  vertically  into  the 
same  cylinder  as  before.  In  this  <ase  the  electrostatic 
instrument  is  very  convenient  since  the  electron  beam 
passes  a  completely  fieklfrcc  space  before  entering 
the  cylinder. 

We  have  thus  employed  three  different  modes  of 
excitation  of  electron  spectra,  namely  by  X-rays, 
by  ultraviolet  light,  and  by  electrons.  There  are  spe¬ 
cific  virtues  of  each  of  i’ncsc  modes,  mi  fin  w  have 
mostly  employed  X-rays,  for  which  the  seojie  seems 
to  he  the  widest.  Kig.  VI 1 1:5  is  a  sketch  of  the  basic 
experimental  arrangement  when  all  three  modes  of  exci¬ 
tation  are  included.  One  could  think  of  other  Hindi's  than 
those  mentioned  above.  Excitation  by  heavier  particles 
than  electrons,  for  example  protons,  would  reduce  the 
background  of  scattered  electrons  and  could  also  yield 
electron  spectra  from  fragmented  molecules. 

Special  precautions  for  the  stabilization  and  step¬ 
wise  regulation  of  currents  (for  the  magnetic  instru¬ 
ment)  and  voltages  (for  the  electrostatic  instrument) 
arc  required  in  order  to  achieve  high  precision.  The 
12-871103  A'ocrj  A  an  llrg.  Mur.  Mr.  Dps.,  Sir  IV.  Yol.  VU.  bnpr.  ”/„ 


required  long  time  stability  at  anyone  field  setting  of 
1  ■  10  *  is  somewhat  difficult  to  aehievi  for  an  automa¬ 
tic  system,  for  which  a  reliable  and  rapid  response  to 
a  programme.!  change  in  field  is  also  essential.  Hlock 
diagrams  of  the  data  recording  systems  (but  we  have 
built  for  the  different  instruments  are  shown  in  the 
following  sections.  Instead  of  recording  the  KSt’A 
spectra  point  by  point,  whether  manually  or  automa¬ 
tically,  one  can  use  a  repeated  sweep  technique  over 
a  limited  region  of  the  spectrum,  for  example  a  closely 
spaced  line  group.  A  sufficiently  fast  sweep  eliminates 
any  intensity  variations  and,  furthermore,  the  con¬ 
tinuous  growth  of  the  spectral  lilies  can  be  followed  on 
the  screen  of  a  multichannel  analyser.  This  system 
can  be  used  with  one  detector  or  with  an  array  of 
several  detectors. 

VIII :  2.  The  First  Instrument 

111  couneel  inn  with  the  rapid  development  of  nuclear 
spectroscopy,  a  series  of  successively  more  refined 
instruments  for  the  analysis  of  electron  spectra  from 
radioactive  nuclei  were  constructed  during  the  Ill-Mi's 
and  IOTiO's.  The  principle  of  1  wo-directional  magnetic 
focussing  was  introduced,  first  in  iron  yoke  instru¬ 
ments"2  and  then  in  air-cored  spectrometer  magnets. 1 
This  latter  type  is  well  suited  for  high  precision  work 
in  the  energy  region  below  It)  kcV,  and  our  first  instru¬ 
ment  for  MSI  A  was  constructed  utilizing  a  beta-ray 
1967 


m 


■■ 


V 


*  w3  «• ' 


vrsC 


r*»z  t 


.^'„,';.w':;:11;;i:::  ^  . - . 

'-in =7. . . . . . . . . .  . . . 


spectrometer  of  111  is  typo  for  tl.o  analysis  „f  X  ray 
jin ><(n ('■■«  1  .  loot, ON  sport ra."  For  many  years.  this  was 
tlir  only  instrument  available  for  KSCA  work.  It  has 
however,  boon  redesigned  ami  improved  over  the  years 
<C  file  extent  that  only  the  magnet  roils  remain  the 
same  as  in  the  or.ginal  version  of  the  instrument  5‘ 
The  physical  arrangement  of  the  spectrometer  and 
the  Helmholtz  eoil  system  for  eliminating  the  earth 


magnetic  field  and  other  stray  fields  is  shown  in  F/o 

Yllldi. 

hArftron  source  und  \~r<ty  generator 

T)"'  X  i,,.v  sou ree  and  the  electros  source  are  built 
into  a  eommn,,  sourer  housing  as  shown  in  Fig.  \’l  1 1  :  7. 
Hie  X-ray  anode,  mounted  on  (lie  top  of  the  source 
house,  is  grounded  and  ran  easily  be  changed  if 


VI  11:7,  (fi)  Wrtiral  Kortion  of  tin' 
sour****  housing.  (/»)  I lori/mital  K<*rt  i<*n  of 
X  ray  sonm*  and  t*li*rtmn  xoum'.*1 
I.  Anmlr.  i!.  (‘nolitip;  wutor.  3.  Cut  limit) 
filament.  i.  Foeussing  olortrotle.  5.  High 
voltage  feed -through.  t».  Kleotnm  aoureo 
hacking.  7.  Source  holder.  8.  Walt  sepa¬ 
rating  X-ray  and  electron  aourre  com 
partiaents.  U.  Kntraneo  slit  to  xpeo.tro- 
nieter.  10.  To  pumping  system.  II.  Air 
lock.  X-ray  window. 
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required.  Water  is  used  as  a  cooling  agent .  Two  copper 
]iins,  mounted  on  an  insulating  base  at  the  bottom  of 
(lie  source  housing,  hold  the  cathode  filament  and  a 
focussing  electrode.  The  anode  projects  axially  into 
this  electrode.  X-radiation  from  the  anode  emerges 
through  an  opening  in  the  cylindrical  electrode.  High 
voltage  and  filament,  current  are  supplied  to  the  cathode 
bv  a  Philips  l’W  1010  X-ray  power  supply.  Voltage  is 
stabilized  to  0.1  %  and  emission  current  toO.l  %  in 
this  equipment  at  a  maximum  mains  voltage  fluctuation 
of  T  in  May ie mm  voltage  is  54  kV  and  maximum 
emission  current,  is,  3<v  mA. 

Tile  i  leet nm  source  is  mounted  in  a  separate  com¬ 
partment.  of  the  source  housing  and  is  lowered  into 
this  compartment,  through  nu  air  lock.  It  has  three 
sections  that  call  be  exposed  individually  to  tin-.  X -ra¬ 
diation  (a  cryostat  has  recently  been  incorporated), 
l-'ig.  V 1 1 1 :  K  is  a  photograph  of  the  uir  lock  and  source 
holder  with  an  aluminum  strip  as  the  source  bucking. 
The  entrance  slit,  to  the  spectrometer  is  placed  at  a 
distance  of  approximately  5  mm  from  flic  source 
backing  and,  being  only  0.25  mm  wide,  it  constitutes 
the,  electron -optical  source  of  the  instrument. 

The  electron  source  compartment  is  evacuated 
through  the  spectrometer  vacuum  chamber,  whereas 
the  X-ray  compartment  is  evacuated  by  separate 
pumps  to  a  pressure  of  10  *  torr. 


Spectrometer  masnrt  itnrl  current  supply 

The  spectrometer  magnet  consists  of  two  co-axial, 
cylindrical,  copper  coils  of  mean  radii  24  cm  and  3<i 
cm,  respectively  and  of  equal  height.  Is  cm.  Until 
coils  are  wound  on  copper  bobbins.  The  inner  coil  has 
.‘{57  turns  and  the  outer  coil  75  turns  connected  in 
series  with  the  inner  coil.  This  system  produces  a 
magnetic  field  in  the  space  between  the  coils  that  lias 
a  form  very  close  to  the  theoretical  form 

]t{o)  -=  ll{n0)  ■  (o0  «)'  (4) 

of  a  double  focussing  field. 

External  fields  are  compensated  hv  three  pairs  of 
circular  coils,  see  Section  VIII  :7.  The  coil  diameters 
are  3.2  m.  The  three  pairs  of  coils  are  connected  in 
parallel  to  a  power  supply  with  a  variable  resistance 
ill  Heries  with  each  coil.  The  power  supply  gives  an 


Fig.  V  It  1:8.  Air  luck  and  source  holder  with  tm  aluminum 
Htrig  as  a  source  hacking.*3 
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Kig.  VIII:  11.  Hl«n‘k  diagram  of  tho  currant  supply.*3 


out | mt  voltage  from  0  V  to  3<>  V  with  a  long  time 
stability  of  i!  ■  10  5.  With  this  eompens..1  ing  system  the 
residual  magnetic  field  is  less  than  2 •  10  1  gauss  in 
the  central  electron  orhit.  The  compensation  of  ex¬ 
ternal  fields  is  measured  by  a  magnetometer  which 


has  a  sensitivity  of  10  r' gauss  The  laboratory  huilding 
contains  no  ferromiignetie  material  in  its  basic  con¬ 
struction  and  is  therefore  well  suited  for  housing  an 
instrument  of  this  type. 

The  power  of  the  spectrometer  magnet,  as  given  by 


I'’ig.  VIII :  10.  Photograph  of  the  rlertiiHi  spectrometer  with  outer  coil  removed  to  rt’-HJW  tie'  Hjiectroinoter  elininhor  and  tlio  source) 
and  detector  arrangements.83  1.  Inner  roil  of  spectrometer  magnet,  it.  Sector  shaped  spectrometer  chamber,  ,’t  Source  housing 
witli  X-ray  tube.  4.  Cliaano]  elertron  multiplier  or  Geiger  counter  with  pout.  Decoloration,  fi.  Spectrometer  bafflo  stmfts. 
0.  latpiel  air  trap.  7.  Air  lock. 
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the  ratio  of  magnetic  rigidity  of  focussed  electrons  to 
apei  troiiictor  current  is  approximately  7<i..'l  (Jem/A. 
Since  the  instrument  is  used  in  the  energy  range  0.1 
keV  10  keV  and  with  momentum  resolution  down  to 
the  order  of  110  4,  the  current  supply  should  he  ca¬ 
pable  of  delivering  from  0.5  A  to  5  A  into  the  0.05 
magnet  coils  with  a  stability  of  a  few  parts  in  10°.  A 
current  supply  to  meet  these  specifications  was  built 
after  much  the  same  design  as  that  i  (‘ported  by  Itack- 
striini  ctal.-~°  for  an  iron  yoke  instrument.  It.  is  operated 
automatically.  Fig.  VIII;!)  is  a  block  diagram  of  the 
current  supply  for  the  spectrometer. 

Spectrometer  chamber  and  baffle  system 

The  instrument  has  a  free  space  of  10  cm  between 
the  outer  and  inner  coils.  To  provide  maximum  space 
at  the  source  and  detector  positions  the  spectrometer 
vacuum  chamber,  made  of  aluminum,  is  sector  shaped 
as  shown  in  Fig.  V 11 1 : 10.  The  source  housing  and  de¬ 
tector  are  mounted  on  the  vertical  end-walls  of  the 
chamber.  Evacuation  of  the  spectrometer  chamber  is 
made  hy  an  oil  diffusion  pump  made  of  stainless  steel 
and  a  rotary  pump  which  is  placed  outside  the  com¬ 
pensating  system.  In  addition  to  the  liquid  air  traps 
on  the  diffusion  pumps  for  the  X-ray  compartment 
and  the  electron  source  compartment  there  is  a  liquid 
air  cooled  aluminum  plate  between  the  souree  and  the 
electron-optical  baffles,  With  this  arrangement  the 
deposit  of  pump  oil  and  other  contaminations  of  the 
sample  surface  is  much  reduced.1’2 

Aperture  defining  baffles  a.,  placed  at  an  azimuthal 
position  of  48  ’  front  the  electron-optical  source.  Each 
baffle  consists  of  a  rectangular  aluminum  plate  with 
an  aperture  of  appropriate  shape  and  size.  The  baffle 
plate  is  held  by  a  shaft  that  extends  through  <,  cover 
plate  to  open  air  and  by  which  the  baffle  can  he  moved 
into  position.  Two  baffles  can  he  accommodated  in 


t  ig.  VI 1 1 : 1  1 .  Photograph  of  1  ho  detector  (Milliard  K  xpi‘11 
menial  Channel  Multiplier). 


big.  '  111:12.  block  diagram  of  the  data  m  inding  system.*' 


this  way,  and  including  a  fixed  baffle  with  maximum 
aperture,  one  can  choose  one  of  three  apertures  without 
breaking  vacuum.  The  shapes  and  sizes  of  the  aper¬ 
tures  were  obtained  from  iso-aberration  curves.  These 
curves  were  obtained  hy  a  procedure  that  has  been 
described  elsewhere, 2:1  The  baffle  aperture  that  has 
been  used  mostly  corresponds  to  a  spectrometer  aber¬ 
ration  of  0.05  in  momentum  (full  base  width)  and 
a  solid  angle  of  0.0(1  of  4jr. 

Detector  and  data  recording  system 

Detection  was  up  till  recently  made  by  (leiger 
counter  technique.  Formvar  was  used  as  a  window 
material  and  a  post-acceleration  system  was  built  for 
detection  of  electrons  below  2  keV  kinetic  energy. 
However,  We  have  found  the  continuous  channel  elect¬ 
ron  multiplier  to  he  a  more  convenient  detector  since 
it  is  an  open  detector  which  counts  electrons  with  high 
efficiency  down  to  very  low  (  .a  rgics  (below  1  eV),  We 
have  found  it  to  he  very  reliable  in  operation  and  it  is 
sufficiently  small  to  allow  for  an  array  of  detectors  to  lie 
placed  in  the  focal  plum'  of  a  spectrometer  (see  Section 
VIII  :4).  A  photograph  of  the  detector  (Milliard  Kxpe- 
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Fig.  VllIllH.  I'lir  I'lrrtrunir  tMjiiipmrul  .R3  1.  lli^h  v«»ltnp*  supply  for  t  h«*  rhnnru’l  mult  iplit’i*  and  lor  1  lie  ( Iri^rr  rminti-r 

with  post  -ncci'lemt  ion.  J.  Putrid  ini  dtvidrr  for  thr  post  -nrrolmit  ion  sy-.tcm,  3.  lunlrol  panrl  for  |  >i  1 1  n  |  »<,  roolmg  wntiT,  and 
trinprmt  urr  of  standard  rrM  and  standard  lvsirdor.  f.  Pnwrr  supply  and  .<i*ri«*s  rr^Uturs  for  Hclmhohz  roils.  .*».  Miiuncln 
motor  for  inrnsiimnent  of  residual  field.  I».  Automat  iriilly  operating  potentiometer.  7.  Kr^Utor  not  work  and  stop  length  srler 
tor.  S.  A«ljo>t  lot  lit  of  ouiTout  in  re.-UNtor  network.  !t.  I'mu-r  sii|iji1y  for  t  In*  putrid  iometer  rlrM  ronirs.  In.  ( 'urri'iit  range  m'Iim'I  or. 
II.  Current  supply  for  the  spertrouietn' roils.  I  2.  Sealer.  I  3.  Timor.  14.  Printer  control,  (Into  eirriiit.  Hi.  Patrinetrr.  17.  Pmul 
plotter  rontrol.  Is.  !*« *itit  plottri.  P,i.  Noll  detrrioi*.  Jo.  Printer  for  tin*  potentiometer  setting  nnd  nunihri*  of  eniml>. 


riiuental  Channel  Multiplier)  is  shown  in  Fiji.  \  111:11. 

llecordin;'  of  (l.ila  (nnmhcr  ‘if  counts  ami  xpcelro- 
meter  current)  is  made  automalieally  as  shown  liv 
the  I ilock  iliaf'ram  of  Kijr.  \'  1 1 1  : 1  lJ.  ( 'oinmcn  ialiv 
availahlc  equipment  is  usnl  for  the  scaler,  timer,  ratc- 
iiieti  r,  point  plotter.  ami  printer. 

The  automatic  stepping  potent iometer  lias  live 
ilrcmlic  resistor  sets.  llijih  precision  maiiyaiiin  resistors 
are  nseil  and  the  total  resistance  is  all.niHI  12.  The 
linearity  of  the  potentiometer  is  I  In  for  sped  ro- 
ineter  currents  from  (•..%  A  to  a  A.  I.odex  rotary  relays 
are  used  to  step  the  potentiometer.  Step  lengths  from 


0.1  in  A  up  to  Sim  mV  can  lie  chosen  for  the  spectro- 
meter  current.  The  potentiometer  scltinc  (spectro¬ 
meter  current)  is  shown  by  nixie  read-out  on  the  panel 
of  the  poll-ill iometi-r  unit.  If  preferred,  the  instrument 
can  he  operated  manually.  A  photograph  of  t  lie  elect  ru¬ 
nic  equipment  is  shown  in  Kip.  VIII:  111. 

VIII  : 3 •  Tin*  Permanent  Magnrt  Instrument 

Semicircular  focussing  of  electrons  ill  a  honmtmncous 
ii*  field  lias  I  mm  *n  i  r  i  y  m  1 1 1  a  I )  I  <  *  in  //- 1  a  \  spectro¬ 
scopy  ever  since  ii  was  sudorsted  I » \*  lliinvs/,  in 


.***  i 
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Kjjl.  \  III:  14.  V  irw  of  tin*  jM'riimmMit  nuigtirt  msl  miinUt  .4 


1!II2.'-T-.-73  To  invest ignte  the  possibilities  of  utili.-.ii.g 
seniieireular  focussing  for  1CSCA,  we  have  constructed 
an  instrument  in  which  tile  electrons  nre  analysed  in 
a  permanent  magnet .  homogeneous  field  speet rograph6* 
(*'f.  Ssi'Otjujl  VI  III).  In  this  instrument  a  crystal  mono¬ 
chromator  is  used  fur  the  X-radiation.  Detection  of 
the  electrons  is  made  photographically  and  track 
counting  is  used  in  preference  to  conventional  photo¬ 
metric  methods  for  scanning  the  photographic  emul¬ 
sion65.  The  physical  arrangement  of  the  instrument  is 
shown  in  Kig.  VIII:  14. 

Magnet  and  vacuum  chamber 

The  vacuum  chamber  of  the  spectrograph  also 
serves  as  an  iron  yoke  for  the  magnetic  return  flux 
as  shown  in  Kig.  VIII  :1b.  The  vacuum  chamber  con¬ 
sists  of  a  cylindrical  shell  /  and  two  circular  plates  l! 
{numbers  refer  to  Kig.  VIII  :  ID).  The  cylindrical  wall 


has  sin  openings  which  afford  good  access  to  the  pole 
gap.  Owing  to  the  large  diameter  of  the  spectrograph, 
special  precautions  had  to  he  taken  in  order  to  reduce, 
anv  displacement  of  the  iron  plates  when  the  spectro¬ 
graph  was  evacuated.  Two  aluminum  plates  3  were 
therefore  made  and  glued  on  the  iron  plates  of  the 
vacuum  chamber.  The  aluminum  plates  were  specialty 
designed  in  order  to  withstand  the  atmospheric  pres¬ 
sure.  After  the  plates  were  glued,  * h< -  iron  discs  were 
machined  to  within  0,007  mm.  The  total  weight  of 
the  vacuum  chamber  is  lf>0  kg.  Although  the  spectro¬ 
graph  was  intended  to  he  used  for  analysing  photoelce- 
troiis  with  fairly  low  energies  (8-10  keV),  it  was 
decidi  d  that  adaptation  of  the  instrument  for  nuclear 
spectroscopy  would  he  of  value.  It  was  therefore  de¬ 
signed  to  yield  a  maximum  magnetic  field  of  about. 
~2.it \  gauss,  which  allows  the  focussing  of  electrons  up 
to  the  1  McV  region. 

The  magnetic  steel  is  made  into  cylindrical  sections 
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'  Xl'rl"'al  '•",l  l""':'/',",al  «••»><»>  "f  'lie  permanent.  .„»k.icI  H, „Kr.i|)li.««  I.  Cylindrical  wall  <,r  the  varum 

"f  v",lm,n  Aluminum  plate  Klur.l  to  Mu-  bottom  plain  4.  Permanent  magnets.  5  Irn 

r:  """>  H"  I1,n  !*“-«■"-  «•  I *<-'•>  !«<•«•«  *"  plwail  that  a  Kap  of  4.5  „,m  exists  hrtwnrn  thru,  an 

Mir.  Mini  iron  discs.  ,.  M,Wirl i/ati„n  mils.  s.  lima  soldered  to  Il.n  mil  hohhin.  II.  Var.mtn  light  feedthrough.  III.  fjuidin 

systrin  for  Mill  plate  holder.  11.. Sou, hoi, lor.  12.  Ho....,  defining  battles.  III.  I.md  ahadds.  14.  Phnli.grapliiu  pinto.  Id.  Moral. 

doom.  HI.  Sourro  rir,M.  17.  I'nvity  for  mllmtion  of  unenlivened  X-rmlialin.i.  IS.  Evaporation  rhamhrr.  III.  Evaporafion  uni 
20.  J'lingstru  boat.  21.  A  slit  whirl,  d, -fines  the  sourer,  .vidlh.  22.  A  rod  for  approximate  measurement.  of  (hr  magnetir  field  . 
the  ({lip.  2.3.  Moiiorhroriialor.  24.  X-ray  tul.r  shield.  25.  Heryllium  window. 


J  mi, I  are  iniieliinrd  t.u  within  0.01  nun.  Tin  y  un¬ 
placed  upon  the.  iron  plates  of  the  viieuuin  elminher, 
oiieli  layer  containing  713  sections.  The  permanent  mag¬ 
net  sections  are  kept  in  position  hv  an  aluminum 
matrix  (J'lg.  Vill.Ifi).  On  each  layer,  a  circular  iron 
disc  5  is  placed.  The.  discs  arc  made  of  soft  iron.  The 


poic  pieces  0  are  made,  of  the  same  (piulity  of  iron  as 
the  thin  dines,  and  are.  mounted  so  that  they  form  a 
gap  of  4.r>  mm  with  the.  thin  iron  discs.  Those  extra 
gaps  have  been  inserted  in  the  magnetic  circuit  in 
order  to  increase  the.  homogeneity  of  the  magnetic 
field,  The  air  gap  hi  tween  the  pole  pieces,  in  which 


the  electrons  are  analysed,  is  20.0  mm.  The  two  pairs 
of  iron  discs  have  been  ground  flat  to  within  0.007 
mm  and  the  variation  in  thickness  over  the  plates  is 
less  than  0.005  nun. 

The  radius  of  curvature  in  the  spectrograph  varies 
between  10  cm  and  24  cm  so  that  electron  energies 
below  10  keV  correspond  to  a  low  magnetic  field, 
<  20(1,  Obviously,  it  is  more  difficult  to  obtain  a 
high  relative;  homogeneity  with  low  magnetic  field 
strengths  than  with  higher  strengths.  Oreat  efforts 
have  therefore  been  made  to  overcome  this  difficulty. 
In  addition  to  carefully  machining  and  aligning  the 
parts  constituting  the  magnetic  circuit,  wc  have  in¬ 
serted  in  the  circuit  two  extra  air  gaps.  These  extra 
air  gaps  arc  believed  to  have  had  a  substantial  effect 
on  th<‘  homogeneity  of  the  field.  As  seen  in  Fig.  VI 1 1 : 17 
the  area  over  which  there  is  little  field  variation  is 
quite  extensive,  even  for  the  low  field  of  17  (I.  During 
the  initial  magnetization  pr  icedures  it  was  found 
that  the  permanent  magnet  pieces  had  to  be  carefully 
demagnetized  before  they  were  inserted  in  the  spectro¬ 
graph.  Otherwise  the  variation  in  the  field  in  the  air 
gap  became  serious  at  fielus  around  25  0  and  lower. 
This  lack  of  uniformity  could  not  hi!  eliminated  by  the 
normal  demagnetization  procedure  after  installing  the. 
magnet  pieces  in  the.  spectrograph.  This  demagneti¬ 
zation  is  performed  by  sending  1)0  current  of  decreas¬ 
ing  strength  and  alternating  direction  through  the 
magnetization  coils  of  the  spectrograph. 


Fig.  ViII:Hf.  The  lower  jmrt  of  the  Hjiectrograpli.**  The  jior- 
manoct  magnets  are  placed  upon  the  hottoin  plate  of  the 
vacuum  ehamher.  They  are  kept  in  pomt-inn  hy  an  aluminum 
matrix.  The  maguetination  coils  are  also  Hrrn  in  the  figure. 
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POSITION  IN  THE  AIR  GAP 

Fig.  VIII :  17.  Field  variation  along  a  diameter  in  the  polo  gap 
for  two  different  magnetic,  fields.*4 

In  order  to  obtain  high  precision  in  the  measure¬ 
ments,  the  permanent  magnets  are  maintained  at 
constant  temperature.  A  hard  plastic  cover  has  thus 
been  made  for  each  of  the  two  reinforcing  aluminum 
plates  (sec  Fig,  VIII:  14)  and  temperature  controlled 
air  is  allowed  to  circulate  in  the.  system. 

Since  the  vacuum  chamber  also  serves  as  an  iron 
yoke  for  the  magnetic  return  flux,  it  has  been  neces¬ 
sary  to  place  the  magnetization  coils  in  high  vacuum. 
The*  coils  7  each  contain  M  windings  of  cotton  covered 
copper  wire  wound  in  8  layers  with  an  average  radiim 
of  .'122  mm.  For  the  excitation  of  the  coils  a  power 
supply,  which  gives  a  maximum  T)(!  current  in  the 
coils  of  DO  A,  has  been  constructed.  This  power  supply 
is  also  used  for  heating  the  filament  in  the  evaporation 
ehamher  as  described  below. 

Plate  holder  and  source  arrangement 

The  plate  holder  is  shown  in  Figs.  ViJI:15and 
VIII:  18.  It.  is  introduced  into  the  spectrograph 
through  a  hole,  in  the  cylindrical  shell  of  the  vacuum 
chamber  and  is  pushed  into  a  well  defined  position  in 
till!  guiding  system  10  which  is  located  inside  the  oppo¬ 
site  hole  of  the  vacuum  ehamher. 

Through  a  hole  in  the  hack  of  the  plate  holder,  the 
source  holder  //  may  lie  pushed  towards  a  stop  (see 
Fig.  V 1 1 1  : 1 5).  The.  position  of  the  source  holder  relative 
to  the  plate  holder  is  fixed  by  a  three  point  guiding 
system.  In  front  of  the  source  and  in  the  same  plane 
as  the  photographic  plate,  two  movable,  baffles  of 
brass  12  are  located.  These  define,  the  width  of  the 
electron  beam.  Between  the  source  position  and  the 
photogiaphic  plate,  a  lead  shield  PI  has  been  inserted 
in  the  plate  holder.  This  shield  protects  the  emulsion 
from  direct  irradiation  by  X-rayH  or  by  y-ruys  from  a 
radioactive  source. 
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Fit?.  VIII  :  1H.  Tin)  luuvr  Imlf  of  the  niu^iiei  with  the 
lioldcr,*4  Tl»«  plate  holder  ih  inlrmlucrfl  into  the  polo  Jplp 
through  oik*  of  the  ojHmin^H  (I)  in  tin*  cylindrical  hIioII.  It  ia 
pUKhcd  into  a  guiding  wyntoni  (2)  |NiKitioncd  in  Uio  opjMmiU* 
hole.  A  Iriwl  hIhoM  ('{)  in  plturtl  Ixdiind  th<»  plato  holder.  A 
Kinnll  coil  (4)  i«  placed  in  tlm  |>olc  gap.  Tim  coil  can  lx;  rotated 
from  outtmlu  the  varmint  chaniln *r,  and  the  field  nlnnigth  can 
Ini  nicnxtir<*l  hy  a  fhixmotcr.  Tlxe  nmgii<‘ti'/ation  coilx  (/»)  arc 
electrically  connected  to  a  vacuum  tight  food -through  (l'»). 

The.  photographic  plate  !  4  which  him  the  dimensions 
17  x.'KK;  iiiim2  in  placed  in  a  light  excluding  russet.  The 
cosset  has  two  niovahle  shutters  16,  which  can  he 
o|>eroled  individually  from  outride  the  spectrograph. 
'I’hcy  can  cither  be.  cloned,  half  o[M*ii  or  ojieii. 

The  source,  12  mm  long,  is  mounted  on  a  brass  ring 
16.  'I’he  alignment  of  the  source  on  the  ring  iH  made  hy 
iricaim  of  a  mark  on  the  ring  and  is  cheeked  with  a 
microMoope.  Wither  thin  wircN  or  alumiiuim  strips  have 
lieen  lined  as  bucking  rnatcrialH,  A  hollow  brass  nxl  II 
in  UHod  to  introduce  the  source  into  the  s|*-ctrograpb. 
The  jnmitiuii  of  the  rod  during  an  cxjMiHure  iH  Keen 
in  Fig,  VIII  :1ft.  KxperimeiitH  have  kIiowii  that  the 
repriNlllcihility  in  |Mmitioning  the  Houree  relative  to 
the  photographic  plate  in  within  0.03  rum. 

An  evaporation  clmml>or  IS  is  attached  to  the  spec- 
trograph  which  makes  it  possible  to  introduce  a  source 
to  the  H|N;ctromctcr  without  exposing  it  to  air. 

X-ray  equipment 

For  the  production  of  X-radiation,  I’hilipn’  fine 
fociiH  X-ray  diffraction  lailien  are  employed.  The  appa¬ 
rent  line  fociiH  at  the  anisic  seen  from  the  window  of 
this  ty|Hi  of  tills:  is  0.02  x8  nun2.  The  tulsw  are  con¬ 
nected  to  a  Philips  PW  1 0011  IH?  X  ray  diffraction 
generator,  which  delivers  a  maximum  power  of  1  kVV. 


The  high  tension  and  the  tube  current  are  continuously 
variable,  0  55  kV  and  0-40  mA,  r**ipi!ctivcly. 

After  reflection  in  the  crystal,  the  radiation  passes  a 
0.15  mm  thick  beryllium  window  which  separates  the 
vacuum  in  the  spectrograph  from  the  atmospheric 
pressure.  Between  the  window  and  the  source  position, 
a  slit  is  placed  which  prevents  scattered  radiation 
from  reaching  the  analysing  region  of  the  spectro¬ 
meter. 

Three  crystals  are.  available  which  are  lient  for OrA'a, 
OuAV.,  and  MoA'a  radiation,  respectively.  The  mono- 
..-nromators  are  bent-quartz  asymmetric  crystals  of  the 
•lagodzinski  design2’*  with  reflecting  plane  (1011), 
supplied  hy  K.  Seifert  and  Company,  Hamburg.  The 
monochromator  23  is  mounted  on  the  X-ray  tube  shield 
24,  (see  Figs.  VI II  :  15  and  VIII  :  I  (I).  It  permits  an  al¬ 
most  complete  separation  of  the  Aa,  radiation  when 
the  monochromator  iH  set  for  maximum  reflection  of 
that  particular  wavelength.27'* 

The  photographic  plates  and  the  delineation  of  spectra 

One  of  the  features  of  the  [icrmuno.nt  magnet  semi¬ 
circular  spectrograph  is  that  it  enables  a  large  part  of 
the  energy  tqieetniin  to  Is:  analysed  in  one  operation. 
Photographic  detection  iH  thus  very  suitable,  for  this 
ty|K-  of  instrument.  Line  intensities  arc  determined  hy 
counting,  by  incans  of  a  microscopic,  the  electron  tracks 
in  a  nuclear  research  emulsion.  Thin  method  apisuvn* 
to  give  accurate  results  and  it  also  reduces  the  cxjkisiiic 
time  required.  For  example,  it  is  not  necessary  to  ex- 
jMise  the  emulsion  until  the  electron  lines  become 
visible.  The  number  of  grains  per  electron  track  is 
very  small,  ;1  2,  and  it  is  difficult  to  distinguish  true 
electron  tracks  from  the  single  grain  tracks  formed 
by  handling  and  cosmic  radiation.  It  is  therefore  im¬ 
portant  to  use  an  emulsion  having  a  very  low  intrinsic 
background.  We  have  used  a  nuclear  research  emulsion, 
Ilford  K5,  and  prepared  the  photographic  plates  our¬ 
selves  in  order  to  reduce  the  inherent  background.'1 

The  photographic  plato  is  analysed  hy  counting  the. 
number  of  individual  electron  tracks  |s:r  unit  area  on 
the  plate  in  a  microscope  with  u  magnifying  [lower 
of  x  1250.  Flectrons  with  energies  •  ;  10  keV  only  pene¬ 
trate  the  photographic  emulsion  slightly  and  the  tracks 
appear  as  more  or  less  circularly  shaped  black  points 
when  observed  in  the  microscope.  Since  these  electron 
tracks  are  less  than  a  few  microns  from  the  surface  of 
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KINETIC  ENERGY 

Kil?.  VIll:2l.  The  electron  lino  OlfC((!u/i«,)Nu('l.*4  Thin  lino 
way  (il)tikinnl  liy  counting  tiio  electron  tracks  hIiowii  in  Fig. 
V1U;2<>. 


the  emulsion,  it  in  easy  to  distinguish  them  from  tracks 
formed  by  clcetrons  of  higher  energies. 

A  typical  electron  track  distriimlion  for  f>  keV 
electrons  in  a  10/im  thick  Ilford  Kfi  emulsion  as  seen 
in  the  microscope  js  shown  in  Kin.  V !  ( ; ;  20.  'I’lie  pic- 
tures  are  taken  during  an  iiiii.lysis  of  ail  electron 
spectrum  of  sodiuni  chloride.  They  show  three  parts 
of  the  electron  distriimlion  of  chlorine  A'  electrons 
expelled  by  copper  A 'a,  radiation.  Exposure  time 
was  40  h.  On  the  high  energy  side  (a)  of  the  electron 
line  only  a  few  tracks  are  found  consisting  mainly  of 
the  original  single  grain  background  in  the  emulsion. 
The  next  picture  (b)  shows  the  beginning  of  the  high 
energy  side  of  the  electron  line  profile.  Finally,  in 
the  third  picture  (c),  the  electron  track  density  has 
reached  its  maximum.  The  pictures  correspond  to  an 
area  on  the  plate  of  approximately  ill  >■  50  /on2.  The 
electron  spectrum  of  the  corresponding  energy  inter¬ 
val  is  shown  in  Fig.  VIII  :2I.  It  is  obtained  by  ('mint¬ 


ing  the  electron  tracks  over  an  area  on  the  plate  of 
1  inm  *30  yam. 

Fig.  VIII  :22  and  Fig.  VIII: 23  show  two  more 
examples  of  ESCA  spectra  that  have  been  recorded 
in  the  semicircular  permanent  magnet  spectrograph, 
anil  delineated  by  the  track  counting  technique. 

Fig.  VIII  :22  shows  an  electron  spectrum  from 
sodium  chloride  using  a  monochromatic  X-ray  beam, 
so  that  only  one  electron  line,  originating  from  copper 
A 'a,  radiation,  is  obtained  for  each  level  in  NaOI.  As  a 
result  of  inono-encrgetic  radiation  it  is  possible  to 
distinguish  s-naller  maxima  on  the  low-energv  side 
of  the  electron  lines.  These  are  formed  by  electrons 
which  have  lost  energy  during  their  passage  out  of  the 
sjieeimen.  The  energy  loss  (I).E.E.)  takes  place  in 
discrete  amounts  (ef.  Chapter  I)  and  two  such  energy 
losses  can  b  seen  on  the  low-energy  side  of  the  chlorine 
K  electron  line. 

Fig.  V1H:23  shows  an  electron  spectrum  of  hepa- 
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ELECTRON  LINES  OF  HEPARIN 
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CtiKfjj  nuiiiit  ion.'0 


rin  '1  he  spectrum  contains  one  K  shell  electron  line 
from  each  of  the  constituent  elements  sulfur,  sodium, 
oxygen,  and  carbon. 

The  plates  wore  originally  analysed  manually  by 
means  of  the,  microscope,  but  experiments  soon  showed 
that  the.  counting  procedure  could  be  automatized  by 
means  of  a  television  camera  provided  with  necessary 
electronic  equipment.  This  "Television  Micro  Densito¬ 
meter”71  •K0  is  described  in  Section  VI II : 8. 


conclusions  about  the  structure,  of  the  nucleus  can  bo 
drawn  from  the  observed  effects  l7  The  instrument  was 
very  well  suited  for  this  type  of  work  which  required 
high  resolution  and  precision  but  less  of  space  at  and 
access  to  the  source.  However,  it  was  not  ideally  suited 
for  KSCA  work  since  the  space  available  for  speeial 
source  and  detector  arrangements  was  qui  e  small.  The 
new  instrument  with  magnetic  focussing”'  has  been 
constructed  exclusively  for  KSCA  and  therefore  differs 
in  many  wayr.  from  the.  instrument  described  in  Section 
V 1 1 1 :2. 


Spectrometer  magnet 

A  new  type  of  current  sheet  coils,  coupled  in  series, 
are  used  for  the  spectrometer  magnet,  see  Kig.  VI 11 : '24. 
As  with  the  instrument  described  in  Section  V11L:2, 
we  have  used  two  coaxial  cylindrical  coils;  however, 
each  coil  is  now  split  in  two  sections,  an  upper  section 
and  a  lower  section.  There  are.  two  reasons  for  making 
such  a  coil  design.  One  is  the  much  improved  access  to 
the,  spectrometer  that  is  obtained  through  the  open 
gap  between  the  upper  and  lower  sections.  The  other 
is  the.  further  impiovement  in  the  magnetic  field  that 
can  be  attained  since  one  now  has  more,  design  para¬ 
meters  for  the  optimal  adjustment  of  the  field. 

Calculation  of  the  optimal  coil  parameters  was  made 
on  an  IBM  1020  and  a  OIX  I  HIMHi  computer.”0  The  mag¬ 
netic  field  in  the  plane  of  symmetry  was  obtained 
by  numerical  integration  of  the  elliptical  integrals  de¬ 
duced  from  basic  electromagnetic  theory: 


VIII  :4.  The  INcw  Instrument,  with  Magnetic 
Focussing 

The.  first  instrument  that  we,  used  for  KSCA  em¬ 
ployed  an  iron-free  double,  focussing  beta-ray  spectro¬ 
meter0  for  the  analysis  of  the  electron  H|>cctra  (see. 
Section  Vlll.2).  The  energy  (or  rather,  momentum) 
analysis  was  thus  made,  by  an  instrument  that  was 
initially  built  for  an  entirely  different  purpose,  namely 
nuclear  HpectroBcnpy.  It  had  been  used  for  the  investi¬ 
gation  of  a  problem  which  later  attracted  a  growing 
interest  in  the  field  of  nuclear  structure  research  and 
which  may  be  outlined  thus:— How  will  the,  interaction 
between  the  atomic  nucleus  and  the  electron  cnvcIo|H- 
depend  upon  the  fuel  that  the,  nucleus  cannot  be  con¬ 
sidered  as  a  point  but  has  a  finite  radius,  and  what 


Kig.  VII!  :24.  ( oil  arrangement  in  the  imw  magnetic  instru¬ 
ment..  Tin-  bobbrm  for  the  oiiUir  coil  and  for  the  lower  HOetion 
of  tlin  inner  coil  Htand  on  the  ham*  plate.  The  Hpertvornclcr 
chamber  in  placed  between  the  two  RoctioiiH  of  tho  inner 
bobbin. 
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Deviation 
from  the 
ideal  field 


Fijr.  \  III  :2fi.  Deviation  from  tin*  idea)  nmtfnotic  |iloi:«sI 
vithiih  <!irttanrot  (t,  from  flu*  K|M»rtroim>t«*r  axis. 
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(t  distance  from  sjx-ctromctcr  axis 
A  iiiiiiiIxt  of  amjxTeturns  per  unit  length 

2/i  coil  height 

Jt  coil  niiiiuH 

y>  azimuthal  angle  of  current  element 

With  some  of  the  design  parameters  fixed,  the  others 
could  In;  adjusts!  so  that  the  three  first  coefficients 
of  the  Taylor  expansion  of  the  calculated  field  at  the 
central  orbit  radius  (.'10  cm)  were  those  of  an  optimum 
field  (see  Appendix  S).  Fig.  VIII  :25  shows  the  calcu¬ 
lated  field  form  in  the  vicinity  of  the  central  nihil. 
Deviation  from  the  ideal  field  is  plotted  versus  dis¬ 
tance,  (i,  from  the  H|X'ctromctcr  axis.  The  calculations 
show  that  electrons  emitted  in  the  symmetry  plane 
with  a  radial  angle  of  emission  less  than  4;  It  w  ill 
never  ex|>crionee  a  field  which  deviates  more  than 
I  •  It)  4  from  the  ideal  field  and  electrons  emitted  wit  h 
a  radial  angle,  of  emission  less  than  -I  ft"  will  never 
ox|H;rienco  a  field  which  deviates  more  than  1  •  10  s 
from  the  ideai  field. 

Only  one  layer  of  enamelled  cop|>er  wire  { <f>  2.0  mm) 

is  UHod  for  the  coils  in  which  the  [Misitiou  of  each  wire 
is  defined  hy  a  precision  machined  groove  in  the 
coil  bohliin.  One  extra  turn  is  provided  on  each  coil 
section,  lly  sending  a  current  through  one  or  several 
of  these  extra  windings,  one  can  make  minor  adjust¬ 
ments  to  the  magnetic  field. 

The.  coil  bobbins,  the  Hjieetroinctor  chamber  and 
the  base  plats1  are  made  of  aluminum.  The  Ixibhin 
for  the  two  sections  of  the  outer  coil  and  the  bobbin 


for  the  lower  section  of  the  inner  eoi!  stand  on  the 
base  plate.  Their  positions  are  defined  hy  gnxives  and 
flanges  i’>  the  base  plate  and  the  bobbins.  Likewise, 
the  |x>sition  of  the  sjx-otrometcr  chamber  is  defined 
by  a  grixive  in  the  bobbin  on  which  it  stands  (see 
Fig.  VUI  :24).  Finally,  the  inner  upper  bobbin  fits 
on  top  of  the  s[H'etrometer  chandler.  Hy  this  arrange¬ 
ment  of  the  coils  and  the  spectrometer  chamber, 
one  can  take  the  whole  instrument  apart  and  reas 
seinhle  it  in  a  short  time  without  loss  of  coil  adjust¬ 
ment.  The  physical  arrangement  of  the  spectre -net  it 
is  shown  in  Fig.  VIII: lit).  Fig.  VII  1:27  is  a  photo¬ 
graph  of  the  s|X'etrometer  when  the  outer  coils  have 
lx-en  removed.  Draw  ings  of  the  S|x:ctromotor  are  shown 
in  Fig.  VI 1 1  :  2K. 

For  the  elimination  of  the  earth’s  magnetic  field  the 
instrument  is  c<|uip|X‘d  with  one  pair  of  circular  coils 
for  eom|X'iisatioii  of  the  vertical  comfionciit  and  two 
pairs  of  quadratic  coils  for  the  horizontal  eoiri|X)iie!its. 
For  further  details  see  Section  VII!  :7. 


Kitf.  VJIJ  2f>.  riivHicul  arritii^DiiK'tii  of  tin*  now  nui^not if 
KjM'otroinntor. 
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Kig.  V  Ilf:  2K.  Drawing  of  the  now  magnetic  Hpectremeter 
(«)  no  won  I'nmi  tlm  side,  fb)  iw  seen  from  above.  1,  Oillor 
Imhhiti.  2.  Upper  Hootion  of  the  inner  mil  hohhin.  3.  S.  Otor 
shaped  remoter  rlmmher.  4.  Turnahle  X-ray  anode.  ft. 

Upper  part  of  tho  nourcn  holder.  (1,  H|>oetronieter  baffle  shafts. 
7.  Detector  iioiiNing.  K.  Sorption  pumps.  IK  Ionisation  pump. 

.Source  — spectrometer  chamber — detector 

The  distance  between  inner  and  outer  coils  in  17  cm, 
the  open  gap  between  the  outer  coil  sections  in  10  cm 
ami  lietween  the  inner  coil  unctions  25  cm,  and  the 
dimensions  of  the  end  walls  of  the  sector  shaped 
spectrometer  chamber  are  2b  cm  x  2(S  cm.  Correspond¬ 
ing  data  for  the  first  instrument,  described  in  Section 
VIII  :2  are:  distance  between  coils  10  cm,  open  gap 
0  cm.  end  wall  area  25  cm  x  10  cm.  The  new  sjiectro- 
ineter  thus  provides  much  more  space  for  the  source 
and  defector  arrangements  that  are  imrd  in  ESCA 
work.  Of  the  three  modes  of  excitation  that  were  shown 
in  Fig.  VIII  :5  we  now  use  the  X-ray  mode.  However, 
the  other  two  modes  of  excitation  can  also  be  incorpo¬ 
rated  in  the  instrument. 


0/  (?)  Q)  (?) 

l  I 


7.  '8  •>  i.  8 
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When  soft  X-radiation  is  used  for  the  production  of 
KSCA  spectra,  the  intensity  decreases  with  time  owing 
to  evaporation  of  tungsten  from  the  filament  on  the 
anode  in  the  X-ray  tube.  This  problem  has  been  elimi¬ 
nated  in  thi>  new  magnetic  instrument.  The  anode  is  not 
in  a  straight  line  with  the  filament;  instead,  the  accelera¬ 
tion  takes  place  in  an  electron  gun  combined  with  an 
electrostatic  lens.  The  electron  beam  is  then  deflected 
by  an  electrode  so  as  to  hit  the  anode  which  is  retract ed 
from  the  initial  path  of  the  electron  beam.  Ad¬ 
justment  of  the  focal  point  on  the  X-ray  anode  is  made 
electrically  by  changing  the  electrode  potentials  and 
mechanically  by  pivoting  the  electron  gun.  Both 
tyjies  of  adjustment,  are  made  without  breaking  the 
vacuum.  A  window  is  provided  for  visual  inspection  of 
the  anode  and  other  details  in  the  interior  of  the  source 
housing.  The  tip  of  the  anode  has  four  sections  which 
can  be  covered  with  different  anode  materials.  A 
change  of  target  materials  is  made,  either  by  changing 
the  anode,  or  by  turning  it  through  !K)°  so  as  to  have  a 
new  section  of  the  tip  exposed  to  the  electron  beam. 
This  latter  operation  can  be  made  without  breaking 
the  vacuum. 
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When  exceptionally  high  radiation  density  is  re¬ 
quired  use  ean  he  made  of  a  rotating  anode  in  the 
X-ray  tube.  Such  a  device,  has  beer,  designed,  see  Fig. 
VI 11  ;  29. 

The  X-ray  power  supply  is  a  Philips  PW  1010.  How¬ 
ever,  this  is  not  built  for  soft  X-rays  and  a  power 
supply  which  gives  higher  current  at  lower  voltage  is 
now  being  incorporated  with  the  instrument. 

The  samples  to  he  studied  are  lowered  into  the  source 
housing  through  an  air  lock.  The.  sourer  compartment 
has  one  ojtening  to  the  electron  sjieetrometcr  and  one 
to  the  X-ray  compartment.  The  former  is  a  slit,  de¬ 
fining  the.  electron-optical  source.  Different  widths 
ean  he  chosen  for  this  slit,  corresponding  to  different 
resolutions  at  which  the  electron  spectra  are  recorded. 
The  opening  to  the  X-ray  compartment  is  covered  by 
a  suitable  X-ray  filter  (see  Appendix  7).  In  order  that 
the  sample  subtends  a  large  solid  angle,  of  radiation 
from  the  X-ray  anode,  the  sample  and  the  anode  are 
only  10  mm  apart.  It  is,  however,  difficult  to  avoid 
heating  of  the  source  compartment  by  electron  bom¬ 
bardment  from  dcfocussed  electrons  in  the  electron 
gun  and  by  secondary  electrons  and  heat  radiation 
from  the  anode.  Cooling  of  the  source  compartment 
is  therefore  provided  and,  furthermore,  the  beam  of 
electrons  from  the  gun  is  limited  by  a  cooled  baffle. 
In  addition  to  this,  provisions  are  inode  for  cryostat 
cooling  of  the  specimen. 

An  exploded  view  of  the  present  sourer'  arrangement 
is  shown  in  Fig.  VII  1:30;  drawings  of  tin  same  are 
shown  in  Fig.  VI 1 1 :3I . 

As  ean  lie  seen  in  Fig.  VIII  :27,  the  source  housing 
is  mounted  on  one  of  the  vertical  end  walls  of  the 


Kin.  VIII:  211.  Drawing  of  a  rotating  anode  arrangement.  1. 
Auntie.  3.  Vacuum  ecu  I,  3.  Keif. greasing  (tearing.  4.  Driving- 
himft.  (>.  Water  rmiiioetinns. 

13  -  G7I 183  Nova  Aria  /try,  ,S'or.  ,X’c.  Uj/a.,  Stir  1  V.  I'd.  20.  Impr.  1 ' j J 


Fig.  VIII : 30,  Kxplodcd  view  ot  the  X-ray  tube  and  the  source 
arrangement.  I.  Air  luck  for  the  source.  3.  Valve.  3.  Water 
cooled  source  compartment .  4.  Source  housing  .  fi.  Housing  for 
the  X  -  ray  tube.  (>.  Turnahlc  X-ray  anode.  7.  Water-cooled 
diaphragm.  H.  Khsdron  gun  anti  high  voltage  feed-through. 

spectrometer  chamber,  and  the.  detector  on  the  other 
end  wall.  A]>crture  defining  baffles  are  mounted  on 
vertical  shafts  that  project  through  a  plate  that  covers 
a  10  cm  diameter  hole  in  the  top  of  the  spectrometer 
chamber.  Evacuation  of  the.  system  is  made  by  an 
ionisation  pump  and  sorption  pumps,  by  a  Turbo  mole¬ 
cular  pump  and  rotary  pump,  or  by  an  oil  diffusion 
pump  and  rotary  pump. 

Detection  is  made  either  photograph  tally  (see.  Fig. 
VIll:32)  or  by  a  channel  electron  multiplier.  Photo¬ 
graphic  detection  has  the  advantage  over  detection 
by  a  counter  that  variations  in  the  irradiation  intensity 

IS67. 
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Fig.  VI 1 1:31.  i)rawingH  of  tho  X-ray  tubo  and  tho  Hourco 
arrnngornonifl.  1.  Eloctrodo  for  dofl'wting  tho  electron  twain. 
2.  Wator-cooled  diaphragm.  3.  Tun  table  anode.  4.  X-ray  win- 


of  tho  sample  become  unimportant.  It  has  only  re¬ 
cently  been  incorporated  in  the  instrument  but  may 
turn  out  to  be  a  valuable;  complement  to  the  other 
inode  of  detection,  especially  since  the  plates  can  be 
scanned  in  the  'PM I)71  -80  (sec  Section  VIII  :8).  How¬ 
ever,  it  is  also  possible  to  reduce  the  effect  of  variations 
in  the  intensity  when  detection  is  made  by  a  counter. 
Instead  of  a  single  detector  one  can  use.  an  array 
of  several  detectors  with  the  corresponding  reduction 
in  counting  time,  see  Fig.  VIII:  lilt.  There  is  also  the 
possibility  of  accumulating  counts  from  many  repeated 
scans,  each  of  short  duration.  A  device  for  doing  this 
is  incorporated  in  the  instrument  and  will  he  described 
in  the  following  paragraph. 

Recording  of  spectra 

Automatic  recording  of  the  spectra  is  made  in  all 
our  instruments  and  work  is  continuously  in  progress 
to  develop  the  electronic  equipment  in  order  to  attain 
better  performance  and  greater  versatility.  Two  meth¬ 
ods  for  recording  spectra  are  presently  used  with  the 
new  UO-cm  magnetic  instrument. 

The  first  method  is  similar  to  (he  system  used  with 
the  instrument  described  in  Section  Vill:2.  A  block 
diagram  is  shown  in  Fig.  VII 1  :24;  a  photograph  of  the 
electronic,  equipment  for  the  instrument  is  shown  in 
Fig.  VIII  : :t.r>.  A  program  unit,  is  being  constructed  by 
which  six  different  current  intervals  can  lie  selected 
for  study.  Kuril  interval,  defined  by  pre-set  "start" 
and  "step"  values  of  the  potentiometer,  is  scanned 
with  a  step  length  and  a  counting  time  per  point 
according  to  pre-set  values. 

The  [lower  supply  for  the  spectrometer  magnet  is 
fully  transistorized.  It,  lias  a  long-time  stability  at  any 
one  field  setting  of  2’  10  6  and  a  ripple  of  less  than 
1  •  10  A  The.  voltage  drop  over  a  temperature  emit  rolled 
precision  resistor,  coupled  in  series  with  the  spectro¬ 
meter,  is  balanced  against  the  voltage  obtained  from 
the  precision  potentiometer.  A  slow  feedback  (servo 
motor)  and  a  fust,  feedback  (electronic)  is  provided  to 
maintain  balance. 


(low.  5.  W all  separating  the  X -ray  and  the  elect  ron  source  com¬ 
partments.  (>.  Spectrometer  entrance  slit.  7.  Source  holder. 
K.  ('online  water  connection,  ti.  To  vacuum  pump.  III.  Air 
lock.  II.  (Iluss  window.  IL.  Screw  for  mcclmnieiil  pivoting  of 
the  electron  gun.  ill.  KncuHsing  electrodes.  14.  Kleetron  gun 
filament.  15.  High  voltage  feed -through.  Iti,  Kneussing  voltage 
fned-tli  rough. 
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1 i' i ji .  Vlll  lMiDto^rnphif'  pliite  luttilcr.  Tin*  poxilinn  of  tin¬ 
plate  cmi  In'  niljnstcil  without  tiroaUniK  varuaiii.  All  hai?- 
through  tho  ltolilrr  is  usoii  for  opening  mol  closing  tin-  two 
hhutti'f  plates. 

Tin*  potentiometer  unit  consists  of  a  mangunin 
resistor  network  witli  n  total  resistance  of  lift  kil.  tttttl 
a  driving  eireuit  with  rotary  relays  liy  which  the  pro¬ 
grammed  changes  of  the  |>otentiometer  setting  are 
made.  A  change  in  potentiometer  setting  introduces 
an  inhalancc  hctween  the  voltage  over  the  standard 
resistor  and  the  potentiometer  voltage.  The  error 
signal  is  amplified  and  fed  link  to  the  power  supply 
which  changes  the  spectrometer  current,  so  that 


Fig.  V111:33.  Army  of  four  eluumol  rlortron  inultipliors, 


halanee  is  restored  and  the  gate  to  the  timer  and 
sealer  opens.  Meanwhile,  the  signal  from  the  timer  that, 
initiated  the  change  of  potentiometer  setting  has  also 
initiated  the  printer  to  print  out  on  paper  tape  the  po¬ 
tentiometer  setting  and  ninnher  of  counts  in  the  scaler. 
When  this  is  done,  the  printer  control  starts  the  t  imer 
and  sealer  for  the  next  counting;  cycle,  provided  the 
gate  eireuit.  is  open. 

The  second  mode  of  operation  Uses  a  multichannel 
analyser  in  the  multi, scaler  mode  and  pulse  genera¬ 
tors  for  making  programmed  changes  of  the  spec¬ 
trometer  current,  sen  block  diagram  in  Fig.  VllllUO. 
A  commercial  power  supply  is  employed  for  the  spec¬ 
trometer  magnet.  in  this  system.  It  can  he  regulated 
hy  a  program  resistor  and  the  system  has  a  rapid  re¬ 
sponse.  to  programmed  changes.  A  4( M 1  -channel  analyser 
is  employed  which  means  that  ope  counting  cycle  com¬ 
prises  up  to  400  points.  To  avoid  drifts  between  re- 
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Fig.  VIII:  34.  Block  tlmgrum 
Klri»wiiiK  the  firs!  mctliutl  (sor  text) 
for  recording  sport  m. 


Kig.  Y 1 1 1 :  5Jf>.  The  ohlct  ronie  equipment  for  the  new  iiugnctic  instrument .  1.  Yiictimncter.  High  volt  ago  supply  for  tin*  chan¬ 
nel  elect  mil  multipliers  ,'k  Detector  pulse  discriminator.  4.  High  voltage  supply  for  tin*  ionisation  pump.  ».  Stepping  device 
and  current  supply  for  the  spectrometer  coils  in  the  fast,  stepping  mode  .  <i  Mult  iehanncl  analyser.  7.  Current- supply  for  t  la*  spec¬ 
trometer  mils  in  the  slow  stepping  mode.  S.  Nidi  detector,  II,  Automatically  npernt  iitg  potentiometer.  I U.  Adjustment  for  current 
in  resistor  network.  II.  Power  supply  for  the  potent  imneter  elect  ronies.  ll\  l‘’me  adjust  inc*nt  of  start  current-  when  working  in 
fast  stepping  mode.  IT  Magnetometer  for  measurement  of  residual  field.  14.  Power  supply  and  series  resistors  for  Helmholtz, 
roils.  If).  Sealer.  Hi.  Timer.  17.  Printer  control.  IK.  (’out rol  panel  foi  pumps,  cooling  water,  and  temperature  of  standard  cell  and 
slaudard  resistor.  111.  High  voltage  supply  for  the  focussing  electrodes  in  elect nm  gun.  1*0.  Printer  for  potent  iometer  set t ing  and 
number  of  counts. 

[Mill'd  cycles,  the  current  is  automatically  checked  the  operator  can  continuously  fallow  the  growth  of 

and  controlled  at  the  start  of  each  cycle.  Step  length  the  spectrum  (see  Fig.  VIII  When  he  decides  that, 

and  counting  time  at  each  point  on  the  cycle  are  a  sufficient  number  of  counts  lias  been  accumulated 

chosen  according  to  programmed  values.  The  aecu-  or  when  a  preset  number  of  cycles  have  been  counted, 

undated  counts  at  each  point,  on  the  cycle  arc  displayed  the  result  is  printed  out. 

on  t-h"  screen  of  the  multichannel  analyser  so  that.  Hy  means  of  this  procedure  using  repeated  counting 
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Fig.  VI 1 1:37.  /Vvi  and  Nyll  electron  lines  from  gold  recorded 
with  a  multichannel  analyser. 


cycles,  (inch  of  Hhort  duration,  the  variations  in  X-ray 
intensity  become  unimportant.  This  is  a  great,  virlne 
when  one  is  interested  not  only  in  the  chemical  shifts 
in  the  KKCA  spectra  hut  also  in  the.  relative  pio- 
portions  of  the  different  valence  states  of  an  element 
in  a  somjKiund,  for  example  as  a  function  of  time  in 
surface,  reaction  studies,  or  in  elemental  analysis  made 
by  ESC  A. 

VIII  :5.  The  Electrostatic  Spectr  meter 

Very  few  high  resolution  electron  spectroscopic 
studies  have  previously  been  performed  using  electro¬ 
static  spectrometers.  An  electrostatic,  sector  field 
double  focussing  spectrometer  has,  however,  several 
advantages.  There  are  no  fields  present,  at  the  souiec 


and  detector  positions  or  coils  restricting  the  space  for 
source  and  detector  arrangements,  Since  no  magnetic 
field  is  generated,  the  elimination  of  (list, urliing  magne¬ 
tic  fields  can  be  continuously  controlled.  There  are  two 
aberrations  in  electrostatic  focussing  devices  (hat  arc 
not  encountered  in  the  magnetic  instruments  described 
in  Sections  VIII  :2  4.  These  aberrations  are  due  to 
fringing  fields  and  relativistic  effects.  However,  the 
influence  from  fringing  fields  can  tie  reduced  by 
grounded  guard-diaphragms, !M,M0  and  in  studying 
electrons  with  energies  less  than  fi  keV  the  relativistic 
spread  is  negligible.  A  design  study  was  therefore  made 
of  an  electrostatic  spectrometer  for  ESUA  measure¬ 
ments  which  resulted  in  the  construction  of  a  new 
instrument.87 

An  outline,  of  the  theory  for  an  electrostatic  spectro¬ 
meter  und  of  tin:  calculation  of  it  s  focussing  properties, 
that  we  have  made  on  IBM  1(120  and  IBM  7000  com¬ 
puters,  is  given  in  Appendix  0.  As  the  sector  angle 
approaches  180“,  the  tronsiiiission-to-resolution  ratio 
reaches  a  maximum.  However,  by  using  the  maximum 
angle  of  180°,  the  source  and  the  detector  will  both  be 
situated  in  the  fringing  field.  A  minor  reduction  of  the 
angle  will  have  little  influence  on  ti.  •  transmission-to- 
resolution  ratio.  A  somewhat  smaller  sector  angle 
c.rild  therefore  lie  chosen  and  a  s-et.or  angle  of  157.fi' 
was  considered  suitable  for  EStIA  studies. 

Electrodes  and  baffles 

Tile  electrostatic  field  is  produced  between  sectors  of 
wo  concentric  spherical  aluminum  electrodes  (Big. 
Vill  :  38).  The  radii  are  .‘12  cm  and  40  cm.  The  Hector 
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Kiy.  VIII:  Its,  K|>li«'ri*‘it)  elei-troUi's  fur  III':  cli-i'l  rnxt-iilic  Kpi-elreineter.  I lirmlurly  bent.  hum  reduce  t  Jin  funding  fields,  and  the 
remit  lire  of  ihr  inner  sphere  can  tin  adjusted  by  foul*  expansion  rods. 


mil'll'  in  t  In-  horizontal  sc •.■iiim  in  1 57.5 ’  mid  in  (lie  verti¬ 
cal  Meet  illil  llll  I'll*"  di'li.riilll'r'i  liri;  iiMMiiltoij  (ill  irCfloii 
pi' ecu.  Tile  concentric  setting  of  tin*  Hectors  in  per- 
formed  with  ini'll  ureuraey;  the  variation  in  distance, 
lietween  the  two  eleetrodeu  in  Ichs  tlia.ii  1.0.02  mm. 
'I’he  fringing  fields  at  top  mid  bottom  are  reduced  by 
menus  of  Ibree  curved  bars  with  suitable  potentials. 

'Pile  end  walls  of  the  Hector  Himpeil  vacuum  tank  in 
which  Hie  focussing  electrodes  lire  placed,  nerve  as 
entrance  mid  exit  llerzog  guard-diaphragms.  A  fixed 
slit  (().!{  mm  ■  10  iiiiii)  placed  close  to  the  specimen, 
defines  the  elect ron-optieal  source .  The  accept'd  solid 
uni'll1  is  defined  by  a  system  of  baffles  placed  between 
flic  source  anil  tin-  electrodes  (see  Figs.  VI 1 1 :  fit)  and 
VI 1 1:40).  ’Pile  vertical  baffle  slits  are  curved  with  ra¬ 
dius  ffti  i  hi  m  ord'T  to  reduce  the  aberrations  (see  Ap¬ 


pendix  0).  The  baffles  can  lie  adjusted  from  the  out¬ 
side.  of  the  vacuum  tank.  The.  detector  aperture,  is 
defined  by  a  slit  (0.25  minx  10  mm)  fixed  on  to  the 
a/.uinitlially  movable  detector  housing.  Using  thcHC 
fixed  slits  and  with  baffle  settings  corresponding  to 
an  accepted  solid  angle  of  O.OH  %,  a  resolution  of  0.05  % 
is  obtained. 

Source  arrangements  with  X-ray  tube,  electron  gun 
and  helium  discharge  lamp 

The  source  und  detector  housings  are  mounted  on 
the  vertical  end  walls  of  the  main  vacuum  chamber 
and  separated  from  it  by  vacuum  valves  (see  Figs. 
VIII  :  4 1  anil  Vlll:42).  Free  ivccchh  is  therefore  gained 
to  the  source  and  detector  positions  and  it  is  easy 
to  change  source  or  letector  without  breaking  vacuum 
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in  the  main  chamber.  After  lotting  air  into  tile  sourer 
housing,  t.tir  spectrometer  is  in  working  order  within 
t  wo  minutes.  The.  spectrometer  chamber  is  evacuated 
hy  a  diffusion  |)uu)|>  and  a  doulile  stage  roughing  pump. 
A  vacuum  better  than  10  torr  is  obtained  within  i>0 
min.  The  ultimate  pressure  is  •-;{>' 10  7  torr.  All  com- 
]>onents  of  the  s[)eetroineter  are  made  of  nouferroiuag- 
netie  material.  Kor  the  elimination  of  the  earth’s  mug- 
netie  field,  the  instrument  is  equipped  with  one  pair 
of  circular  coils  for  compensation  of  the  vertical  com¬ 
ponent  and  two  pairs  of  quadratic  coils  for  the  hori¬ 
zontal  eomponentu.  Kor  further  det  ails  see  Keel  ion 
VIII  :  7 . 

The  free  space  around  t  he  source  makes  it  possible 
t.o  use  different  source  arrangements.  The  instrument 
is  equipped  with  an  X-ray  tube,  an  electron  gun.  and 
a  WV  light-source  to  expel  electrons  (see  Section 
VI II:  I).  A  drawing  of  the  source  arrangement  anil 
the  X-ray  tube  is  shown  in  Kig.  VIII  :40,  The  sub¬ 
stance  under  investigation  is  deposited  on  a  metal 
foil  or  pressed  into  a  mesh.  This  foil  or  mesh  is 
fixed  on  the.  grounded  source  holder  which  accomo¬ 
dates  two  different,  sources  simultaneously,  In  order 
to  eliminate,  scattered  electrons  from  the  anode  and 
reduce  low-energy  X-radiation,  the  X -radiation  passes 
through  a  thin  aluminum  foil  before  striking  the  spe¬ 
cimen.  The  X-ray  tube  has  interchangeable  anodes, 
which  arc  grounded  and  cooled  by  water.  The  cathode 
filament,  made  from  tungsten  wire,  is  placed  ill  t  lie  cen¬ 
ter  of  an  i  irctrodc  which  focusses  the  electrons  on  the 
anode  thus  giving  an  intense  X-ray  irradiation  on  tic 
specimen.  The  power  for  the  X-ray  tube  iH  taken  from 
a  Philips  I’W  1010  X-ray  power  supply. 


It  is  possible  to  lower  or  to  raise,  the  temperature 
of  the  Hpeeimcn.  The  upper  part  of  tin-  specimen  holder 
can  either  be  connected  to  11  cryostat  containing  liquid 
nitrogen  or  helium  or  to  a  heater.  It  is  thermally  in¬ 
sulated  from  the  rest  of  the  holder.  To  decrease  the 
thermal  radiation  on  the  specimen  and  its  holder,  it  in 
shielded  with  a  cage  in  thermal  contact  with  the  cryo¬ 
stat.  A  cooled  backing  foil  makes  it  possible,  hi  study 


compounds  which  are  not  solid  at  room  temperature  and 
low  pressure..  The  gas  or  the  vapour  is  fed  through  a 
stainless  steel  tube  into  the  housing  and  on  to  the  cooled 
foil.  On  the.  cooled  foil,  the  compound  condenses  and 
can  be  studied  in  the  normal  way.  The  flow  is  regulated 
by  a  needle  valve.  With  this  freezing  technique,  one 
obtains  specimen  surfaces  with  very  little  adsorbed 
pump  oil  and  gases.  Thereby  the  absorption  of  elee- 


Kig.  VIII :  42.  rtiotogniph  of  tho  cltictrostatie  iriHlrumont  with  X  ruy  tutx\  cryostat  ami  vujior  inlet  system. 


trons  from  the  syx-.  :"  om  decreases.  Thin  run  inenw 
the  intensity  cniiHjdc.  ably. 

The  cxixximcntal  arrangement  for  uicivmircincuts 
with  electron  excitation  in  Hhown  in  Figs.  VIII  :4! I  mid 
VI  11:44.  An  electron  gun  with  tv  direct  heated  tung- 
Hten  filament,  prixluccs  a  vertical  electron  beam,  which 
in  directed  into  a  colliHion  chnmlx;r.  A  0.2  mrn  slit  in 
the  chamber  defines  the;  electron-optical  source.  The 
gases  or  vapors  under  study  are  fed  into  the  chamber 
at  a  rate  determined  by  a  needle  valve.  When  the 
electron  beam  has  pasted  the  collision  chain  Iter  it  is 
collected  by  a  Faraday  cage.  The  current  from  this 
cage  is  the  input  signal  to  a  servo  system  which  moni¬ 
tors  the  beam  intensity  by  regulating  the  retarding 
voltage  of  the  first  grid  in  the  electron  gun.  The  elect¬ 


rons  can  1st  accelerated  up  to  10  !«‘V.  A  typical  lx;am 
current  is  I  /i.\.  High  absorption  in  the  collision  ehsm- 
Is’r  and  low  absorption  in  the  main  sjxxtrometer  tank 
is  desired.  This  is  achieved  hy  separate  evacuation 
of  the  collision  chamber  region.  It  is  possible  to  have 
a  pressure,  of  10  1  torr  in  the  collision  chain  Iter  and 
10  6  tore  in  the  main  sp<x;tromclcr  tank. 

The  gas  discharge  tnlie  shown  in  Fig.  VIII: 4 ,r>  is  the 
light  Hource  for  those  measurements  where  UV-radia 
tion  is  used  to  expel  th(;  electrons.  The  discharge  i,, 
pnxluced  in  helium  which  flows  through  the  tube  at 
n  pri«sure  of  ulxiut  1  torr.  In  the  discharge,  the  helium 
resonance  line,  at  f»H 4  A  (21.21  eV)  predominate.  ’{"he 
radiation  is  collimated  to  a  narrow  lx;»m  hy  a  capil¬ 
lary  tidx;,  which  has  an  arrangement  for  differentia' 
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pumping.  The  beam  is  directed  vertically  into  the 
Maine  collision  chamber  as  used  in  the  electron  ex 
citation  measurements. 

A  channel  electron  multiplier  is  used  as  detector  to- 
the  electrons. 


Voltage  regulation  and  data  recording 

Fig.  VIII  :4t>  shows  a  block  diagram  of  the  voltage 
regulation  and  data  recording  system .  The  focussing 
voltage  is  obtained  from  a  high  stability  high  accuracy 
voltage  supply  (stability  25-10  •/ 7  days,  accuracy 
0.01  %).  The  voltage  i«  moaHurpd  with  a  digital  volt- 


Kitf-  VIII  :4fi.  Vortical  cut  through  the  fiipilliiry  dimimrKo 
tulK3  for  UV  excitation  of  electron  HjMfotni.  1.  Vacuumetor. 
2.  Helium  inlet.  3.  Kloctroih'B,  4.  Water  cooling  connect  ions. 
Si,  I'utrip  comiiuM'tiun. 
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Piy.  VIII  :4<t.  lllock  diagram  of  voltage  regulation  and  date 
reeonling  system  when  a  stepping  voltage  supply  is  used. 


meter.  Ground  potential  is  obtained  at  the  central 
orbit  of  the  spectrometer  by  means  of  a  voltage 
divider. 

By  means  of  step  motor  driven  switches,  the  focussing 
voltage  is  changed  by  pre-act  steps.  It  is  possible  to 
step  cither  up  or  down  and  also  to  program  the  step¬ 
ping  so  that  it  proceeds  a  pre-set  number  of  steps  in 
one  direct!  m,  changes  step  direction  and  steps  hack 
to  the  starting  voltage  This  procedure  is  repeated  as 
many  times  as  required.  The  counting  time  per  step  can 
be  varied  between  4s  and  4  10*  min.  After  each  point, 
the  number  of  counts  obtained  and  the  focussing  vol¬ 
tage  are  printed  out .  The  electronic  equipment  is  shown 
in  Fig.  VIII:  47. 

Spectra  can  also  be  recorded  on  a  multichannel  ana¬ 
lyser  (see  Section  VIII  :  4).  Fig.  VI 1 1 :4S  shows  a  block 
diagram  of  the  voltage  regulation  and  data  recording 
in  this  case.  A  sawtooth  voltage  is  superimposed  on  a 
fixed  voltage.  The  start  of  the  sawtooth  sweep  is 
synchronized  with  the  start  of  the  multichannel  ana¬ 
lyser  operated  in  mt'ltiscaler  mode.  This  means  that 
the  channel  number  is  changed  synchronously  with 
the  focussing  voltage.  The  sawtooth  sweeptime  can  be 
varied  between  (Mils  and  Ids  and  the  amplitude, 
between  <1.1  V  and  10  V.  The  recording  is  rejH-ated 
until  good  statistics  is  reached.  This  way  of  recording 
smoothes  out  intensity  variations  during  the  record¬ 
ing. 

Some  spectra  obtained  with  the  different  modes  of 
excitation 

Several  spectra  recorded  with  the  electrostatic 
instrument  have  been  Hhown  in  previous  chapters 
(see  e  g.  Chapter  I  and  Vi).  Nome  more  examples  will 
now  lie  given  of  spectra  obtained  by  the  three  Inodes  of 
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Kig.  VHl:47.  Tho  electronic  oqo i  1.  Miignotomotor  foj  rnoiiHuromeiit.  of  mutual  fi»Wl.  JJ.  Temporal  urr  <-<ml.roll<‘<l  volt 

ag*»  divitlor.  II.  Vacuumotor,  4.  Iligi.  voMogo  Hiipply  for  Uio  chioitn'l  oli  otron  iiuiliiplior  and  for  tlio  (loigor  onuntor  with  post  - 
acceleration.  5.  PoU>atiul  divider  for  H*«'  *itm1 •iicci'loratinn  ay. item.  (i.  I)iscrimioator.  7.  Printer  for  the  digital  voltmeter  and 
counter.  H.  Unit  for  tho  print  out  of  the  rigitul  voitnader.fi.  Digital  v* »lt  under.  Id.  Cunt  rol  mat  for  the  ntopping  of  1,1  hi  foeususing 
voltage.  11.  Kocushing  voltnge  supply.  12.  High  \oltngo  aupply  for  tho  electron  gun.  111.  Servo-control  of  tho  vortiral  inagnct  to 
field.  14.  Nurio:*  roHiHtorH  for  the  Ilelmhoi:  ^oila  compensating  the  horizontal  umgartio  field  lf».  Sealer,  lti.  TilwT.  17  Printer 
Control.  1H.  Control  panel  foi  tho  pumps,  cooling  water  and  Hccuri  y  circuit s.  1th  Power  supply  for  the  llelmholl/.  coils. 


excitation  that  are  lined  with  the  iiiHtrinni  nt  and  from 
samples  in  the  solid,  liquid,  and  gaseous  phase.  . 

Firstly,  H]K*etra  of  mercury  and  cadiniinn  arc  shown 
in  Fig.  VIII : 40.  Liquid  mercury  was  attached  to  a 
copper  mesh.  Since  mercury  has  a  low  vapour  pressure 
compared  to  most  liquids,  if  dors  not  evaporate  s«« 
rapidly  as  to  necessitate  H|>ecial  provision  for  a  con¬ 
tinuous  supply  of  the  liqird.  Hg  Nvl ,  Nvll,  0|V,  and 
0y  lines  are  shown  in  Fig.  VIII: 40 »v  ami  b.  the  last 
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Fig.  VIII  :48.  Block  <1  i i.g ram  of  voltage  regulation  »nd  data 
recording  nyntcm  when  a  multichannel  analyser  in  iwal. 


two  separated  by  only  l.fl  eV.  ('adniium  was  evaporat¬ 
ed  on  a  cadmium  foil  and  Fig.  Vlll:4tl(l  shows  the 
cadmium  A’iV.v  line.  Moreover,  cminiium  amalgam  was 
studied  and  it  v as  possible  to  resolve  graphically  Hg 
0|V  and  r;v  from  Cd  /V,v  v  as  shown  in  Fig.  VIII:  4f>  «• . 
AlA’a  radiation  was  used  to  excite  the  spectra. 

As  mentioned  earlier,  the  freezing  teehnitjue  gives 
high  intensity.  This  makes  it  easy  to  study  the.  low 
intensity  spectra  of  molecular  orbitals,  The  results 
from  measurements  on  water  are  shown  in  Fig. 
VIII  :00.  The  specimen  holder  was  cooled  hy  liquid 
nitrogen  and  AIA'k  radiation  was  usisl  to  expel  the  elec¬ 
trons.  In  addition  to  the  molecular  orbital  levels,  Fig. 
VIII  :bt)  shows  the  oxygen  Is  and  2.i  atomic  levels.  Here 
we  can  observe  the  broadening  of  the.  2*  levels  owing  to 
solid  state  and  molecular  effects  (see  Section  111:2). 

Fig.  VII I -.01  showH  some  Coster-Kronig  and  Auger 
electron  lines  from  krypton.  The.  electron  gun  was 
used  for  the.  excitation  of  these  spectra.  The  Auger 
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VII 1  :4ft.  Klortron  K|>wtm  from  m<*r<*ury  (ti,  h),  cadmium  amalgam  (r.)  and  cadmium  (d),  excited  by  AlA'tr. 
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Kig.  VIII :  5 1  *  4'iMtrr-Kniiiig  luiti  Auger  electron  spectra  from 
krypton  excited  t»y  electron  impact.  The  electron  lines  eorre- 
spending  to  the  different,  transitions  within  the  A/-j  Mis,  V2.3 
anti  M 2  .If./,  A’a.tt  groups  are  nnteli  hrontlcr  than  the  Auger 
lilies  in  the  upper  purl  of  tin1  figure  and  coalesce  to  two  line.- 
in  tin1  elet'tron  speetrmn.  'Phis  is  due  to  the  ('osti'r-Kronig 
liroudcniug  *  if  the  AT  ,  and  A/3  levels. 

electron  lilies  have  n  half  width  of  0.1  cV  whereas  the 
( oster-Kronig  transitions  are  seen  as  hrotule"  distri¬ 


butions.  The  complete  M\  bN N  , spectrum  is  shown  in 
Tig,  VI  :8,  and  the  interpretation  of  the  spectrum  is 
also  discussed  there. 

The  electron  spectrum  shown  in  Fig.  VIII  :52  is 
excited  by  helium  resonance  radiation  and  with  benzene 
as  target  gas.  The  electrons  were  accelerated  out  of 
the  collision  chamber  by  about  25  V  in  order  to  in¬ 
crease  the  intensity.  Several  vibrational  hands  are  seen 
corresponding  to  different  ionization  potentials.  The 
energy  calibration  is  tentative.  Benzene  has  recently 
been  studied  by  Clark  and  Frost,29*  and  by  Turner297 
with  similar  tecbnitpies. 

An  electron  spectrum  of  molecular  hydrogen ,  excited 
hy  the  helium  resonance  radiation  is  shown  in  Fig. 
VIII:  Hit  Fleet  rolls  are  expelled  from  the  hydrogen 
molecules  in  the  ground  state  X  1  and  the  molecule 
ions  are  left,  in  the  ground  state  X  2li„  .  The  potential 
curves  for  these  two  states  are  shown  in  Fig.  VIII :  54, 
which  also  shows  some  of  the  vibrational  levelsinvolved 
in  the  transitions  seen  in  the  spectrum. 

The  kinetic  energy  Kktn  of  an  expelled  electron  is 
given  by: 

^kln  ^ photon  ^ol  ^vlbr  ^rot  7tr(M.  V1  (b) 

where  is  the  photon  energy  of  the  UV  radiation, 

K„,  is  the  ionization  energy,  A’vlbr  is  the  difference  in 
vibrational  excitation  energy  of  the  molecule  ion  and 
tlie  molecule,  A.’,,,,  is  the  difference  in  rotational  energy 
between  the  molecule  ion  and  the  molecule,  Kn,c.  is 
the  recoil  energy  of  the  molecule  ion  which  is  usually 
negligible  (see  etp  (2)  in  Chapter  II).  and  y  is  due  to 
contact  and  suriace  potentials  in  the  spectrometer, 
The  neutral  molecule  is  normally  not  excited  vibra- 
(ionully.  Therefore  the  following  approximate  expres¬ 
sion  holds  for  a  diatomic  molecule: 

#vll,r  A'  l  I  i)  "’r *<■("  1  J)*  1  I  4 (?) 
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Kig.  ''111:62.  Kluctron  njHictruiii  from  b«;i/eno  excited  by  helium  rciHi.miuico  rtuliution. 
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VIII:,r»3a.  Klcctrun  npi*«trum  from  moloculur  hydros'll,  oxcitcd  by  helium  resonance  radiation.  Fourteen  peako  are  seen,, 
which  Con cHpoiui  to  vibrational  Ic.vcIk  of  ihn  moloculo  ion. 


where  v  is  the  vibrational  quantum  number  and  «>,. 
and  are  the  first,  two  expansion  coefficients  for 

the  .inharmonic  oscillator;  v,  n>r  and  tc  all  refer  to 
the  molecule  ion.  From  e<|.-t.  (<>)  and  (7)  it  thus  follows 
that,  the  electron  spectrum  ran  show  vibrational 
structure  caused  by  vibrations  of  the  molecule  ion. 
For  hydrogen  this  is  seen  in  Fin  VI II  :  fill  a.  The 
measured  separations  between  the  vibrational  peaks 
are  indicated  in  the  figure  and  agree  with  those  calcu¬ 
lated  from  cep  (7),  with  m,.  ami  ei...r,.  values  quoted  l»y 
D  erzberg  .“-3  The  intensities  of  the  peaks  are  deter¬ 
mined  by  the  Franek-Condon  fact  ors  for  the  transit  ions. 

For  A’r<1,  the  following  approximate  expression  holds: 

‘.:IJ  “  *•> 

where  r0  and  r,',  are  the  intermiclcar  separations  in  the 
molecule  and  the  molecule  ion  respectively,  M  is  the 
mass  of  the  molecule, ./  is  the  rotaf  ional  quantum  num¬ 
ber  and  A  and  Ii  are  constants.  Depending  on  whether 
KrM  is  positive  or  negative  rotational  stnieture  will 
be  observed  on  the  low  or  high  energy  side  of  the 
vibrational  peak.  For  large  ,7  values  Kwl  is  dominated 
by  the  first,  term  in  eq.  (8)  and  is  positive  or  negative 
depending  on  whether  the  molecule  contracts  or 
14 -'071163  A'yi’a  Acta  He g.  #oc.  Sr..  Up*.,  Scr  IV.  Vol.  20.  Irnjir.  s* 
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Fig.  VIII  :/»3b.  More  dot  ailed  recording*  of  tin*  peak*  corre¬ 
sponding  to  v  “  3  imkI  v  -  4  for  tin*  molecule  ion,  showing 
rolnt irnml  k! met lire.  Ti.i*  arrow*  indicate  the  position*  of 
soiiv  of  the  individual  rotational  peak*  for  which  A*/ ^  0. 
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Fig.  Votmliiil  curves  for  flic  liydrr>g<  n  molecule  end 

molecule  ion  in  tl.oir  ground  stab  h.  TIio  vibmf ionnl  le\ ela  of 
tlio  molecule  ion  nre  those  ohwTvnl  in  the  electron  sped  rum 
shown  in  Fig.  VIII  :53.  The  arrow  imlieates  a  posnihle  tran¬ 
sit  ion  for  the  molecule  upon  ioni/.ation.  The  energy  of  the 
molecule  then  increases  by  K9 \  *  A’vibr  4  A’rot*  H,,<!  <cl*  (?)■ 

expands  upon  ionization.  When  the  liydrogen  molecule 
is  ionized  to  the.  state  X  it  expands,  as  shown  in 
Fig.  VIII:  54,  and  the  rotational  structure  is  observed 
on  the  high  energy  side  as  seen  in  Fig.  VII 1 :53l>. 


The  individual  rotational  lines  have  a  width  which 
is  mainly  determined  by  the  following  effeets: 

1.  Self-reversal  in  the  light  source. 

2.  Doppler  spread  in  the  photoion i/.ation  process: 

A  A  —  const.  \‘TIM 

3.  Time  and  local  variat  ions  of  the  surface  potentials 
in  the  collision  chamber  and  on  the  baffles.  Inside 
the  spectrometer  the  local  surface  potentials  will 
level  out. 

4.  Spectrometer  aberrations. 

For  hydrogen  the  Doppler  spread  dominates  mid  is 
about  20  meV,  and  therefore  the  indit  idual  rotational 
peaks  are  not  resolved.  The  Doppler  spread  can  he 
reduced  by  using  a  molecular  beam  as  a  target  for  the 
UV  radiation.  We  are  now  investigating  the  possibilities 
of  using  such  a  device. 

VIII  :ft.  The  fiO-cm  Iron-free  Instrument 

electron  spectroscopy  has  been  developed  to  a  high 
degree  of  precision  for  the  study  of  nuclear  structure. 
High-precision  spectroscopy  calls  for  instruments  of 
high  resolution,  and  double  focussing  magnetic  spectro- 
meters  have  become  widely  used  in  the  field  of  high 
resolution  lieta-ray  spectroscopy,  since  they  give  the 
required  high  transmission  at  high  resolution.  Although 
ail  excellent  tool  for  nuclear  spectroscopy,  the  first 
30-em  iron-fix  •  instrument,  described  in  Section  VI 1 1 :2 
soon  became  used  exclusively  for  the  development  of 
KSCA.  A  new  high  precision,  high  resolution  instru¬ 
ment  was  then  built  for  nuclear  spectroscopy  work30,46 
(see  Fig.  VI  11:55).  This  instrument  was  designed  to 
meet  a  number  of  requirements  in  addition  to  those 
of  the  earlier  instrument.  Some  of  these  requirements, 
such  as  the  improved  access  to  the.  source  and  detector 
regions  and  the  higher  dispersion  (radius  of  central 
orbit  is  50  cm),  apply  also  if  the  instrument  is  used 
for  KSCA.  Tiie  instrument,  has  now  also  been  adapted 
for  KSCA  studies,  and  it  is  used  both  for  nuclear 
spectroscopy,  mainly  high  precision  determinations 
of  energies  and  intensities  in  internal  conversion 
spectra,  and  for  atomic  spectroscopy  of  the  extra- 
nuclear  structure. 

The  spectrometer  is  situated  in  a  laboratory  which 
is  specially  built  for  this  instrument.  No  ferromagnetic 
materials  were,  used  in  the  building  construction  and 
all  equipment,  containing  iron  is  placed  far  away  from 
the  spectrometer.  By  using  two  pairs  of  circular  com- 
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Kig.  V111:j7.  Tin.  tdoetroiiie  oijuipiuciit  for  the  50-oin  iimti  uiuci.t: 

1.  Magnetometer  for  inciisiirmiiciit  of  residual  magnetic  field.  2.  Unit  for  uutemutic  regulation  of  t,lio  vertical  ruin  punnet  of  tlio 
magnetic  field.  !i.  I  '■  teeter  voltage  supply,  4.  I'owcr  siipplios  for  Oic  llelndiolt/.  coils,  ft.  Voltage  supply  fur  the  mult intrip  Hounio. 
it,  1’rrs‘isittn  resistor  seleclnr  tittil  rrmotit  on~off  control  tif  spectrometer  eurrenl.  supply.  7.  ir-sy-rceerder.  H.  Curve  plotter  ron- 
Irol  unit.  1),  Krror  amplifiers.  10.  Hosistor  network.  1  I,  , Start,  eum-af  srleft.tr.  1  -  Clock.  1,7.  Pre-set  timf  anil.  14.  Program  unit, 
for  stri  f  and  stop  skip,  maxi iimtn  riirrfiit  and  stop  lengl  It.  I  ft.  VncimiiM  tors.  I  it.  I  H  ’  e arrant  supply  for  t  lie  olnrl  ronics.  17.  I  tat.it 
output  fnatrol  units,  noniifftial  tit  HIM  typewriter  and  I  MM  t-urd  panels  (not  shown  i  it  f.lm  figure).  la.  High  voltage  supftly. 
Ill,  Settlers,  111),  ('arrant  and  voltage  supply  for  nn^.lifiers.  HI.  High  preeiainn  naten  iometer,  Altttve  the  ptttentioinetfr,  H10 
galvanometer  amplifier  ttnd  the  gnlvsinnineter  are  seen. 


pciisufing  coils,  it  is  possible  in  cliinittitfc  the  vertical 
eninpciiient  of  flic  earth's  magnetic  field  completely. 
The  residual  vertical  component  of  the  field  is  within 
If)  1  (1  over  the  entire  Hpecf rometer  area.  The  eli¬ 
mination  of  this  component  is  automatically  controlled 
using  the  method  described  in  Section  VIII  : 7  foi  the 
electrostatic  instrument.  The  magnetic  field  originat¬ 
ing  from  f  lic  spectri  meter  is  eliminated  at  the  position 
of  tile  magnetometer  probe  by  the  use  of  a  small  coil 
connected  in  parallel  with  the  spectrometer  and  the 
prec'-sion  resistor.  In  the  horizontal  direction*:,  the 
residual  magnetic  field  is  within  +510  '(!. The  tem¬ 
perature  of  the  spectrometer  room  and  of  the  spectro¬ 


meter  enil.i  are  kept  constant  t.o  within  j.  (1.2 "  (I.  This 
temperature  stability  and  the  exceptionally  good  eli- 
m i list t  ion  of  t  he  earth  magnetic  field  enables  very 
accurate  energy  determinations  with  the  spectrometer. 
The  instrument,  also  has  a  high  resolution  at-  a  fairly 
good  transmission.  For  example,  the  best  resolution 
obtained  is  0.01  'l  "{.  and  (lie  transmission  at  a  spin  tro¬ 
ut  eter  aberration  of  0.04  %  is  about  0.01)  %. 

The  current,  through  the  spectrometer  coils  is  auto¬ 
matically  regulated  stud  the  short  time  stability  of  the 
current.  «h  of  the  order  of  ft  •  10  ",  The  long  time  stabili¬ 
ty  and  (lie  accuracy  in  the  definition  of  the  current 
is  not  as  good  ( -vl.u-lO  so  when  the  highest  prcci- 


J'%.  VIII  :0K.  X-ray  tiiho  and  Kourao  nivungarnont  in  tlm  fiO-am  Hjmntrouintor.  Tlm  rnngln  atrip  nouran  arrniiK^inant.  i«  hIiowij 
in  both  ii  horizontal  {«)  and  n  vortjanl  (r)  Haatjon.  A  lioriv.onf.nl  Haation  of  tha  iniilti«trip  hoi  iron  arranga-mont  in  givon  in 
( h ).  Tlio  Hjiorially  indiaiitad  pnrtM  ura: 

I.  Opntiing  In  Ilia  Hpaalromatar.  i!.  A  imirow  alit  unad  to  ilafina  tlm  poailiofi  (if  tlm  Houraa.  .'1,  Ningln  atrip  Mourao  Imldor,  wharo 
limn  diffaranfr  ftpnajrnniiH  <*1111  lm  plnaad.  4.  of  tlio  X-ray  tuba,  Himoundnd  by  a  foi'iinning  aylindor.  0.  (domination  to 

tha  pravnaiiuin  Myatain  and  a  Ihjuid  nilrogan  aryoHliit.  ii.  lunar  wiiIIh  irmulntod  from  tho  hollaing,  7.  Multiatrip  »ournn  boldnr 
with  potontidl  divifiar.  H.  (domination  to  tlio  X  ray  ganamtor.  1).  Atmdo  nf  tlm  X  ray  tulm.  10.  Inlot  arid  outlnt  of  wiltor  u«od  for 
nnoling  tlm  in  oda.  II.  Ail  I  on  It  for  nxnhnngiog  ilia  anoda  without  branding  vanuuni,  12.  Air  look  for  oxnlumging  tho  w>urno 
without  hrniikifig  viintium.  111.  (domination  bntwnon  tlm  innor  whIIh  ol  tl.o  noiirao  oompartmont  and  a  r.old  fingor  aoolod  by 
tha  aryoHliit. 
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Kig.  VIII:AI).  Klert  mn  liars  of  |  iln.l  iinim  n  •i-i)>-il>-rl  vutli  I  In-  .Mirin  ihhI  nimi-iil.  I'lioterlcrlroii  liars  from  nil  /,,  M,  X  mid  humic 
0  shells  villi'  recorded  ewing  dilferrat  X-radiations. 


niim  is  rnpiired,  t In-  voltage  drop  over  a  precision  rrsiH- 
tor  in  Kcrii'K  with  the  spref rimirtiT  coils  in  measured 
by  mciuis  of  a  precision  |>i>leiithimidn\  Tlic  data  recor¬ 
ding  system  is  fully  automatic,  A  block  diagram  of 
the  cuiTcnt  regulation  ami  data  recording  system  i.s 
given  in  Fig.  Vlllintl  ami  a  photograph  of  flic  elec  - 
trnnic  ci|>ii|unont  is  kIiowii  in  Fig,  VIII : .07 . 

The  fitl-i  in  spectrometer  in  very  well  Hiiiteil  for  KS(  IA 
HtinlicK.  To  make  such  MtiidieN  f »< imhi  1  if. ■  with  the  instru¬ 
ment,  a  new  Hoiirce  housing  eontaining  an  X  ray  t.ulie 
has  heen  built.  A  drawing  of  this  hoiming  is  shown  in 
Fig.  VIII  :r.H.  The  eonst ruction  of  the  X-ray  tube  is 
very  similar  to  that  used  in  t  lie  ijU-ciu  instrument,  (see 
Section  VIII  :‘J)  but.  the  dimensions  are  somewhat  lar¬ 
ger.  It  is  possible  to  change  the  anode  and  source  with¬ 
out  breaking  vacuum  in  (lie  housing.  One  of  the  source 
assemblies  used  (shown  in  Fig.  VI II  ffirin.r)  is  if  the 


same  type  as  t  hat  used  in  most  of  the  other  i list  rum ents 
described  here.  In  the  nuclear  spectroscopy  studies 
with  the  spectrometer,  a  ill  ulf  ist  rip  source70  id'  the  llerg- 
kvist2'11'-'12  type  is  used.  This  source  consists  of  several 
narrow  parallel  strips  with  very  small  separations. 
The  midlistrip  source  is  connected  to  a  high  voltage 
supply  and  hy  means  of  a  potential  divider,  the  strips 
are  kept,  at  different  potentials,  from  ground  potential 
in  eipial  increments  up  to  the  applied  voltage.  The 
total  voltage  is  chosen  according  to  the  energy  of  the 
electrons  studied  ho  that  all  electrons  with  the  selected 
energy  (before  acceleration)  will  enter  the  detector  slit, 
independent  from  which  strip  they  originate.  Investi¬ 
gations  of  the  properties  of  a  mollified  uiultisfrip 
source  (shown  in  Fig,  VIII  :T»H  b)  for  F.SCA  studies 
have  been  started. 

A  cryostat  is  now  being  built  with  which  it,  will  be 
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possible  to  cool  the  wall  between  the  source  ami  the 
X-ray  tube  and  the  wall  containing  the  slit  in  front  of 
the  source.  These  walls  are  insulated  from  exterior 
walls  with  teflon.  Pump  oil  and  other  organic  materials 
in  the  vacuum  chamber  will  condense  on  these  cooled 
walls  and  not  on  the  source.  The  amount  of  pump  oil 
entering  the  speetrometrr  has  previously  been  reduced 
by  the  installation  of  a  water  cooled  baffle  and  a 
vapour  trap  eooli  d  by  liquid  nitrogen  between  the 
diffusion  pump  and  the  spectrometer  vacuum  cham¬ 
ber.  I’revaeuum  in  the  source  assembly  is  obtained  by 
means  of  a  sorption  pump. 

The  ih  teclor  is  a  Milliard  channel  electron  multi¬ 
plier.  We  now  use  a  set  of  such  detectors  placed  side 
by  side  in  the  focal  plane  as  in  the  new  ItO-cm  instru¬ 
ment  (see  Section  V'Il:4).  This  increases  the  amount 
of  information  obtained  per  time-unit  considerably. 

As  an  example  of  the  spectra  obtained  using  this 
equipment,  photoeleetron  lines  from  platinum  are 
shown  in  F’ig,  VIII  :5!l.  The  conventional  source 
arrangement  was  used  for  this  study.  'The  spectrum 
shown  in  Fig.  VIII  :59  maps  out  a  larger  number  of 
atomic  core  levels  (seventeen)  than  any  other  spectrum 
that  we  have  recorded.™ 

VIII :  7.  Compensating  Systems  for  External 
Magnetic  Fields 

To  he  able  to  make  accurate  energy  determinations 
with  t  he  spectrometers,  the  earth’s  magnetic  field  and 
stray  fields  from  instruments  in  the  neighbourhood 
must  be  compensated.  The  instruments  are  therefore 
surrounded  by  compensating  coils.  The  classical  ar¬ 
rangements  for  eliminating  homogeneous  magnetic 
fields  is  by  the  so-called  Helmholtz  system  which 
consists  of  a  pair  of  circular  coils  placed  a  distance 
equal  to  the  coil  radius  apart.  Such  a  system  gives 
maximum  homogeneity  at  the  center  of  the  coil 
system.  We  have  used  Helmholtz  coils  for  compensat¬ 
ing  each  of  three  perpendicular  directions,  one  vertical 
and  two  horizontal.  F’oiir  modifications  of  the  basic 
Helmboltz  arrangement  are  made  at  different  instru¬ 
ments  and  for  different,  magnetic  field  components: 

(I)  Maximum  homogeneity  of  the  vertical  field 
component  is  reipiired  along  the  central  electron  orbit 
rather  than  at  the  center.  The  following  relationship 
should  t lien  he  fulfilled:'2™ 

where  a  is  the  coil  radius,  x  is  half  the  distance  between 


Fig.  VIII:  fill.  Residual  magnetic  field  at  the  contra!  orbit  of 
ono  of  tlm  30-cm  spectrometers, 

1 75d V  -b  120./V  I  (54a10//  -  a--(1200a6y3  -I  4200a4//6) 

-  *4((140a*// 1  1800a4//1  -  8400«V )  -  za(2240//5  -t  1280a4// 

-  480a V)  '  3:“ (000a2//  -  900//3)  -  250*’°//  -  0  (9) 

the  coils  and  y  is  the  radius  of  the.  central  electron 
orbit.  With  a ’  -200  cm  and  y  -1)0  cm,  eq.  (9)  gives 
x  -  98  cm  which  differs  by  2  %  from  the  basic  Helm¬ 
holtz  system. 

(2)  For  the  50-oni  instrument,  we  have  adopted  a 
system  of  four  coils  of  equal  diameter  (MM)  cm)  for 
compensating  the  vertical  field.4®  As  many  as  seven 
terms  are  zero  in  the  Taylor  expansion  of  the  magnetic 
field  produced  by  this  coil  system,  and  the  volume 
of  the  homogeneous  field  is  much  increased  as  com¬ 
pared  to  that  obtained  with  a  two-coil  system. 

(11)  For  each  of  the  two  horizontal  components,  one 
pair  of  quadratic  coils  can  be  used  instead  of  circular 
coils.  Quadratic  coils  are  easier  to  construct  and 
occupy  less  space  than  the  corresponding  circular 
coils  which  allows  the  instrument  to  stand  on  the  floor 
at  a  level  convenient  for  the  operator.  They  give  a 
sufficiently  uniform  field  for  the  elimination  of  the 
horizontal  component.  The  cancellation  of  the  latter 
is  not  as  critical  as  for  the  vertical  component.  The 
distance  between  the  coils  in  each  quadratic  pair  was 
chosen  so  that,  the  vertical  field  component  and  the 
variation  of  horizontal  field  along  the  electron  trajec¬ 
tories  was  kept  at  a  minimum.  Calculations  of  the 
field  were  made  on  an  HIM  1(520  computer  and  for 
ik  110-cm  instrument  the  calculated  optimum  distance 
between  the  coils  (dimensions  2  in  ■  2  ill)  was  0.575 
t  imes  the  side  of  the  coils. 

(4)  Cradients  in  the  external  magnetic  field  can 
occur  if  there  is  ferromagnetic  material  in  the  vicinity 
of  the  instrument  or  if  there  are  stray  fields  from  other 
magnets.  For  example,  a  gradient  in  the  vertical  com¬ 
ponent  of  5- 10  6  Cm  1  was  found  at,  the  50-em 
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|.'iu,  VI II :  (II .  The  TMI).  Tim  monitor 
jx  plmcd  on  top  of  dm  liox  containing 
t.lm  logic  circuitry,  Hclow  arc  the  con¬ 
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for  the  ilhiiniimtioii  lire  placed  on  tlm 
tahle. 


instrument ,  anil  the  Mlrny-fieltl  of  a  synchro-cyclo- 
troti  100  m  away  was  found  to  increase  this  gradient, 
to  20-10  5  f  I  in  However,  hy  making  the  two  pairs 
of  circular  coils  slightly  lion-coaxial1"  the  vertical  com¬ 
ponent  of  the  gradient  of  the  field  was  eliminated. 
.Similar  modifications  of  the  basic  symmetrical  roil 
arrangement  have  also  heen  made  for  the  other  instru¬ 
ments. 

The  compensating  coil  systems  all  eliminate  the  verti¬ 
cal  external  field  component  to  within  10  4  (1,  which 
is  about  0.02  %  of  the  vertical  component  of  the 
earth’s  magnetic  field  at  Uppsala,  It,  is  less  than  0,01  % 
of  the,  spectrometer  fields  normally  used  in  the  mag¬ 
netic  instruments  and  the  external  fields  are  thus  elimi¬ 
nated  to  such  an  extent  as  to  justify  measurements  in 


the  precision  range  of  1  : 10s.  The  residual  vertical  field 
along  the  electron  trajectories  in  one  of  the  ,10-ein  in¬ 
struments  is  shown  in  Fig.  VI 1 1:00.  The  compensat  ing 
coils  with  appropriate  series  resistors  are  connected  in 
parallel  to  a  highly  stabilised  current  supply. 

The,  absence,  of  magnetic  field  originating  from  the 
spectrometer  itself  facilitates  the  control  and  conti¬ 
nuous  compensation  of  variations  in  the  magnetic 
field  at  tin-  electrostatic  instrument.  For  the  vertical 
component  this  is  done  automatically.  The  field  motor 
gives  all  output  signal  proportional  to  the  measured 
field,  After  amplification  this  signal,  assisted  hy  a 
servomotor ,  is  used  (si  change  the  setting  of  a  potentio¬ 
meter.  The  potentiometer  determines  the.  output 
current  of  the  power  supply  for  the  compensating  coils. 
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By  this  system  it  is  possible  to  keep  the  variations  of 
the  vertical  component  of  the  magnetic  field  during  a 
recording  of  a  spectrum  to  within  +  2  •  I0"5  G  The  other 
components,  which  are  of  less  importance,  are  cheeked 
between  the  measurements.  A  continually-operating, 
self-correcting  arrangement  is  also  used  for  the  50-cm 
magnetic  instrument  (see  Section  VIII '.U). 

VIII :  8.  The  Television  Micro  Densitometer 

As  we  mentioned  previously,  the  use  of  photographic 
detection  is  not  straightforward  in  ESCA.  Tin1  tech¬ 
nique  we  have  used  is  to  count  the  tracks  in  a  nuclear 
emulsion  that  has  been  excised  to  electrons  in  the 
semicircular  spectrograph  (see  Section  VIII:  it).  (The 
other  instruments  can  also  be  used  for  photographic 
detection,  since  they  have  a  focal  plane.) 

At  first.  the.  tracks  were  counted  by  visual  observa¬ 
tion  of  the  tracks  in  a  microscope:®''®'’  this  was  of 
course  a  very  tedious  work.  In  order  to  speed  up  the 
scanning  by  several  orders  of  magnitude,  an  instrument 


Fig.  VIII:  02.  Photograph  of  the  step  motors  and  their  trails 
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THE  COUNTING  PROGRAM 
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Kitf.  VIII :  fill.  Tlii'  priiifipln  of  thn  fount  in^  program. 

has  now  been  constructed  in  which  the  eye  has  been 
replaced  by  a  television  camera  which  automatically 
scans  the  plate,  counts  tin  tracks,  and  prints  the, 
results  on  paper  tape.  The  device  is  termed  Televison 
Micro  llcnsitometcr  (TMI>).,,H0 

The  instrument  consists  of  several  units,  Some  of 
iin  itc  an-  commercially  available,  and  some  have  been 
specially  designed  for  this  instrument.  The  units  arc: 
A  microscope  with  high  magnification,  light  sources, 
a  television  camera,  a  monitor,  a  video  amplifier,  logic 
circuitry,  a  sealer,  a  printer  control,  a  printer  and  a 
control  system  for  the  plate  movement,.  The  logic 
circuitry  and  the  control  system  for  the  plate  move¬ 
ment  have  been  specially  designed  for  this  instrument 
and  will  be  described  below. 

The  microscope  stage  on  which  the  plats;  is  mounted, 
cun  lie  moved  in  t  wo  perpendicular  directions  by  step 
motors.  'I'be  movement,  is  controlled  electronically 
and  the  position  of  the  plats'  can  lie  determined  within 
I  miii.  The  light  source  used  for  illuminating  the  tracks 
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Fi«.  VIII  ;tti.  I'liuloKraph  of  f  hi'  lolnviHion  miti'i'm  wiUi  the  two  ty|MM  of  iiitlieutious  muicriuipotMiil  on  tlm  norinnl  picture.'  the 
lin^lit  spot.  to  the  risht  of  i-sch  ilctiii'fi'il  1  rm  l;  end  tin*  ureii  within  whirli  thn  i-ountiii^  Lutes  pleei'. 


is  a  high  pressure  mercury  lump  ci|tii|>|>c<l  with  neces- 
wiry  filters;  it  is  also  possible  to  use  an  ordinary  tung¬ 
sten  filament  lamp.  Dark  field  illumination  is  used 
and  the  objective,  which  has  a  magnification  of  xOO, 
projects  the  image  either  into  the  binocular  eyepiece 
for  direct  viewing  or  into  the  television  camera  that 


is  mountsil  on  the  microHcojK'.  The  scaler  has  a  count¬ 
ing  speed  of  10  MHz.  and  the  resolution  is  better  than 
0.1  n s.  The  physical  arrangement  of  the  TMD  is  shown 
in  Fig.  VIII  :<>!;  the  step  motors  are  shown  in  Fig. 
VIII  :<I2. 
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The  counting  program 

The  field  of  view  in  the  microscope  is  of  course  much 
smaller  than  the  total  area  in  which  the  tracks  are  to 
he  counted.  At  any  one.  setting  of  the  mieroseo|M-  stage, 
the  tracks  are  counted  in  a  rectangular  area  A  inside 
the  field  of  view.  The  delineation  of  an  electron  line 
on  the  plate  iH  thus  naturally  made  according  to  the 
following  program:  (see  Kig,  VIII: 03). 

(1)  Tracks  arc  counted  successively  in  colliding 

areas  .4,,.  .1 21,  ,4.,, . ,lm,;  the  movement  of  the  plate 

between  different  areas  is  controlled  by  the  by  use  of 
stop  motors  attached  for  the  microscope  stage. 

(2)  The  number  of  counts  is  stored  in  the  scaler  and 
when  the  first,  column  has  been  counted  the  e-coordi¬ 
nate  of  the  column  and  the  total  number  of  counts 
in  the  scaler  are  prints'll  out;  the  sealer  is  reset.. 

(ft)  The  microscope  stage  with  the  plate  is  moved  by 
the  slop  motor  for  the  -r  direction  so  that  the  procedure 
can  be  repeated  for  counting  areas  *d nil**  •  •  ■  -’I  a ...  .'1 22' 
/1, 2  (note  the  reversed  order). 

(4)  Then  the  third  column  is  counted  in  the  order 
A.,,  Aa,  /I;,;,,  ...  /1m3,  the  fourth  column  in  the  order 
rlml . Ll4’  't  f.i'  rf  1 4  ‘‘te. 
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Kig.  Vltl:(i7.  The  direct  signal  from  the  detector,  the  delayed 
signal  from  the  aeoustie  memory  and  ttie  resulting  signal 
from  tie*  nntieoliieidoiieo  eireuit. 


Logic  circuitry 

The  logic  circuitry  can  be  used  for  detecting  tracks 
of  very  different  size  and  shape  and  each  track  is 
counted  only  once  independent  of  its  size  and  shape. 
The  logic  circuitry  can  discriminate  tracks  of  different 
luminosity.  The  trucks  ap|iear  dark  on  the  television 
screen  and  each  track  that,  is  detected  by  the  logic  cir¬ 
cuitry  iH  indicated  by  a  bright s|s)t. (see  Kig.  VI II  did). 
The  rectangular  counting  area  is  also  shown  on  the  tele¬ 
vision  screen.  The  center  of  this  area  can  be  chosen 
anywhere  inside  the  field  of  view  and  its  height  and 
width  can  be  varied  over  a  wide  range.  When  the  logic 
circuitry  is  switched  off,  the  normal  picture  appears  on 
tlm  screen;  i.e.  no  indication  is  made  of  the  tracks  or 
of  the  counting  area.  A  block  diagram  of  the.  logic 
circuitry  is  shown  in  Kig.  VIIl:(W>.  The  video  signal  in 
the  defector  enters  a  brightness  threshold  discrimina¬ 
tor  that  determines  tin:  level  above  which  the  tracks 
arc  detected.  The  threshold  level  can  be  set  by  a  con¬ 
trol  on  the  front  panel.  When  leaving  the  detector  the 
signals  from  those  tracks  that  have  been  detected  are 
converted  to  pulses  of  definite  height  and  with  dura¬ 
tion  cipuil  to  the  time  spent  by  the  television  scan  in 
traversing  the  track  (see  Kig.  VIII: 041). 

The  first  time  the  television  scan  intersects  a  track 
that  ih  detected,  it  sends  a  direct  signal  to  an  ant  i- 
coincidence  circuit.  This  signal  results  in  a  pulse 
to  the  counting  gate  and  at  the  same  time  to  the  brigh 
spot  of  the  track.  The  second  time  the  television  scan 
intersects  the  same  traek  it.  sends  n  new  direct  signal 
to  the  anticoincidence  circuit.  At  the  name  time  as 
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BLOCK  DIAGRAM 

OF  THE  PLATE  MOVEMENT  CONTROL  SYSTEM 


l*'ig.  VIII :  OH.  Hlock  diagram  of  Llio 
movement  control  nyriteiu. 


thin  signal  arrives,  a  delayed  signal  arrives  at.  the 
anticoincidence  circuit  and  no  poise  comes  out.  This 
in  repeated  until  the  television  scan  Iuih  passed  the 
lowest,  edge  of  the  track  when  only  Mut  delayed  signal 
arrives  and  nothing  happens  (hoc  Fig.  VII I  :C>7).  The 
delayed  signal  eomes  from  an  acoustic  memory  which 
delays  the  direct  signal  by  approximately  one  tele- 
vison  line  scan  interval,  <i4  /is. 

A  counting'  area  generator  is  used  to  define  the  ret-, 
tangular  area  in  which  the  tracks  are  counted.  It 
consists  of  four  multivibrators  each  of  which  can  he 
ad  josh'd  hv  a  control  on  the  front  panel.  Two  of  these 
determine  the  height  and  width,  respectively,  and  the 
others  the  position  on  the  picture.  It  is  possihle  to  move 
the  area  without  altering  its  dimensions.  The  size 
determining  multivibrators  are  triggered  by  those 
whii'h  determine  the  position:  t  hese  in  t  urn  are  trigger¬ 
ed  by  line  and  frame  syne,  from  the  camera.  The  video 
signal  to  the  monitor  consists  of  the  video  signal  from 
the  camera,  the  counting  area  indication  and  the  in¬ 
dications  from  those  tracks  which  are  detected.  The 
brightness  of  the  indications  can  he  varied  by  two 
controls  on  the  front  panel. 

A  one-picture  circuit  and  a  counting  gate  are  needed 
as  counting  shall  take  place  only  for  one  fiftieth  of  a 
second,  thill  is  one  picture,  and  only  in  the  selected 
area.  The  one-picture  circuit  consists  of  three  multi¬ 
vibrators  and  when  Counting  is  done  automatically  it 


is  triggered  by  the  counting  impulse  from  the  control 
system  for  the.  plate  movement.  It  is  also  possible  to 
••omit  without  using  the  control  system  for  the  plate 
movement.  Then  the  counting  impulse  comes  from  a 
foot  switch.  The  counting  gate  is  controlled  l>v  the 
counting  area  generator  and  the  one-picture  circuit 
and  allows  the  proper  signals  to  pass  to  the  sealer. 

Control  system  for  the  plate  mnvemint 

When  the  control  unit,  for  the  plate,  movement,  is 
started  (see  Fig.  VIII  :(>N)  the  horizontal  step  counter 
is  reset,  the  gab'  in  the  horizontal  control  system  is 
<>l»’iiod  and  its  poise  generator  is  started.  The  pulse, 
generator  sends  pulses  l>y  means  of  a  driver  to  the  hori¬ 
zontal  step  motor,  to  the  horizontal  step  counter  anil 
to  the  horizontal  position  counter.  When  the  step  coun¬ 
ter  has  received  t  in1  pre-set.  number  of  pulses,  a  signal  is 
fed  to  the  gate,  which  then  closes,  and  the  pulse  gene, 
tutor  is  stopped,  A t.  the  same  time  the  number  oil  the 
horizontal  position  counter  is  read  into  the  printer,  the 
sealer  is  opened,  the  vertical  step  counter  is  reset,  the 
gate  in  the  vertical  control  system  is  opened  and  its 
pulse  generator  is  started.  The  pulse  generator  also 
sends  pulses  by  means  of  a  driver  fo  the  vertical  step 
motor,  to  the  vertical  step  counter  and,  by  a  delay 
circuit,  to  the  logic  circuity  that,  counts  the  tracks. 
When  the  counter  has  received  the  preset  number  of 
pulses,  it.  gives  a  signal  to  the  gate  which  then  closes, 
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anil  the  pulse  generator  is  stopped.  At  the  same  lime, 
a  signal  is  transmitted  to  the  printer  control  unit,  and 
the  number  on  the  horizontal  position  counter  and  the 
number  of  tracks  on  the  sealer  are  printed.  When  the 
printing  cycle  is  completed  the  printer  control  unit, 
sends  a  pulse  to  a  driver  that  via  t  he  vertical  direct  ion 
shift,  circuit  changes  the  stepping  direction  of  the  ver¬ 
tical  step  motor.  At  the  same  time  tin-  horizontal  step 
counter  is  reset  and  the  cycle  starts  again. 

If  the  “stop  cycle”  switch  is  opened,  the  pulse  from 
the  printer  control  unit  is  blocked  ami  the  cycle  is 
stopped  after  the  vertical  step  motor  has  completed 
its  preset  number  of  steps  and  t  he  printing  is  finished. 
When  the  “instant  stop”  switch  is  opened  the  control 
unit  is  stopped  instantly  by  a  gate  that  blocks  the 
pulse  generators  in  the  vertical  and  the  hoiizontal 
control  systems. 

It,  m  possible  to  move  the  plate  faster  than  normal 
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and  without  counting.  This  is  done  with  the  aid  of  a 
special  pulse  generator,  the  pulses  of  which  are  fed 
info  the  driver  circuits  of  the  two  step  motors  via 
push  buttons.  The  stepping  direction  of  the  vertical 
step  motor  can  he  changed  manually. 

lteforc  the  counting  starts,  till'  operator  has  to  decide 
on  the  size  of  the  rectangular  counting  areas  A  and 
the  number  of  counting  areas  in  each  column.  The 
step  length  of  the  step  motor  for  the  //-direction  (verti¬ 
cal  direction)  is  50  gm  and  therefore  if  is  convenient 
to  choose  the  height  of  the  areas  equal  to  this.  The 
number  of  areas  in  the  column,  in,  is  dependent  on 
the  statistical  accuracy  reipiired  in  the.  experiment. 
'Hi is  number,  m,  is  preset  on  the  vertical  step  coun¬ 
ter.  Tlie  width  of  the  areas  must  be  chosen  with  re- 
gard  to  the  resolution  desired.  Tim  step  length  in  the 
x-direclion,  i.e.  the  direction  of  dispersion  (horizontal), 
is  5  //m  and  it  is  appropriate  to  choose  the  width  of 
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thi‘  amis  as  a  multiple;  of  this  length.  This  ran  be 
pirset  on  the;  horizontal  step  ceumter  in  the  control 
system  for  the  plate;  movement. 

Ap\>lica,ions 

The  program  described  above  is  convenient  for  our 
symmetry  where  the;  track  distribution  per  unit  area  is 
independent  of  the  vertical  position  on  the  plate.  How¬ 
ever,  the  track  counting  technique  is  not  restricted  to 
this  ease.  It  can  also  be  used  for  other  symmetries  for 
example  where  the  traek  density  is  a  funetion  of  the. 
distance  from  a  central  point  (which  can  he  difficult  to 
localize).  In  this  symmetry  the  elements  of  the  matrix 
and  their  position  must  he  <;< united  and  printed  sepa¬ 
rately.  It  is  still  better  to  have  the  values  punched  on 
tape  or  cards.  The  information  can  then  be  handled 


by  an  electronic  computer  which  can  Is;  used  for  lo¬ 
calizing  tin;  central  point  and  deducing  the  track  di¬ 
stribution  per  unit,  area  as  a  function  of  the  radial  di¬ 
stance  from  this  point. 

The.  instrument  has  in  most  oases  boon  used  for 
traek  counting  in  electron  spectroscopy  where'  it  has 
reduced  the;  counting  time  from  weeks  to  hours. 
Examples  of  electron  spectra  counted  by  the  TMI) 
are.  shown  in  Appendix  10.  An  optical  spectrum 
counted  by  tin;  TMI)  is  shown  in  Kig.  VIII  :(>!).  It  is  also 
possible;  tee  else;  the;  instrument  for  other  reuniting 
purpose's,  for  example's  feer  counting  disle»;ations  in 
crystals  or  inelusieins  in  me  tal  sample's.  If  the  micrei- 
sceepe;  is  re;pluce'd  by  an  eirdinary  camera  lems  the-  instru- 
memt  can  be;  usee!  fe>r  reuniting  large'r  size;  objects. 
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APPENDIX  1 


Table  of  Electron  Binding  Energies 

Thin  table  of  electron  binding  energies  is  based  on 
electron  spectroscopic  measurements  which  have  been 
made  by  our  research  group  (Chapter  III).  For  levels 
which  have  not  yet  been  measured  by  electron  spec¬ 
troscopy,  energy  differences  have  been  taken  from 
the  table  of  atomic  energy  levels  puhlishc  1  by  Bearden 

and  Burr.*31  The  A  level  has  then  neen  used  as  a 
* 

reference  level  for  elements  with  atomic  number  Z  ,‘14, 
the  Lm  level  for  115  'A  72  and  the  Mv  level  for 
73  A  !>4.  Most,  of  the  binding  energies  in  the  region 
Z  !)4  as  well  as  energies  for  the  elements  below 
Z  !!4  that,  have  not  yet  been  studied  by  electron 
spectroscopy  have  been  taken  from  Bearden  and 
Burr. 11,1  Their  table  was  calculated  by  a  least  squares 
fit  of  X  -ray  and  pliotoclectron  energy  data.  For  'A  1)7 
the  binding  energies  were  obtained  from  nuclear  decay 
studies  by  Hollander  d  ill?™ 

The  precision  in  the  binding  energies  of. the  elements 
measured  by  electron  spectroscopy  is  better  than  1  eV. 
However  the  effect  of  the  chemical  environment  on 
the  atoms  being  investigated  must  he  taken  into 
account.  As  discussed  in  previous  sections,  this  effect 
can  amount  to  several  cV,  and  a  further  admonition  is 
given  in  Fig.  1  :1  which  shows  electron  lines  from  the 
A,  L,  a/,  and  A’  shells  of  beryllium,  ahiininmn.  anti¬ 
mony  and  bismuth,  respectively.  Bartini  oxidation  of 
the  samples  results  in  two  lines  for  each  level  or  sub¬ 
level.  The  difference  in  energy  between  the  lines  from 
tin*  unoxidized  and  the  oxidized  element  is  e.  2  eV. 

No  measurements  have  been  made  of  the  A'  level 
energies  for  the  heaviest  elements  around  A  100. 
The  uncertainty  in  the  calculated  energies  that  are 
given  for  the  K  level  in  this  region  is  of  the  order  of 
100  eV. 

The  tabulated  binding  energies  are  given  with  zero 
binding  energy  at  tins  Fermi  level.  The  total  binding 


1  :I.  SliiTts  in  A',  L,  Mf  anil  N  levels  of  li^tit-  and  heavy 
elements,  due  to  oxidation. 

energy  is  therefore  larger  by  an  amount  equal  to  the 
work  function. 

Energy  levels  measured  by  electron  spectroscopy 
are  given  with  references.  Information  concerning  the 
compounds  which  have  been  used  for  the  measure¬ 
ments,  the  energy  calibration  etc.  is  found  in  the  re¬ 
ferences  given  in  the  table.  Energies  obtained  by  inter- 
pelatioii  are  marked  with  an  asterisk,*  and  extrapo¬ 
lated  energies  or  energies  obtained  by  self-consistent- 
field  calculations  are  indicated  by  a  cross'. 
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Electron  binding  energies  (eV). 
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Flow  Diagram  for  the  Calculation  of  Wave  Functions,  Potentials,  and  Energy  Levels 

in  the  Atomic  Core 
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APPENDIX  1 


Table  of  KLL  Auger  Transition  Energies 

The  following  table  of  Auger  energies  in  the  KLL 
group  is  hast'd  on  the  precision  measurements11  which 
we  have  earried  out  in  the  region  around  A  40(Cliap- 
ter  VI).  The  energies  (in  eV)  have  been  ealeiihlteil 
using  scmictnpiricul  expressions  for  the  energies  of  the 


KLL  spectrum.  Two  sets  of  parameters  have  been  used 
in  the  eaieulutions,  one33  for  elements  with  atomic 
nuinher  up  to  40  and  the  other'15  for  elements  with  Aj 
higher  t  han  40.  Fig.  4  :  I  gives  the  relative  positions  of 
the  KLL  Auger  lines  as  a  function  of  atomic,  number 
A. 


ATOMIC  NUMUI  « 


fig.  4;  1.  Kelulive  line.  jinHitions  in  the  K  1,1,  Anger  group  uh  n  function  of  atoll! it:  mitnlxir  A.  Thu  energy  difference  la-tween 
the  lines  of  highest,  arid  IowchI  energy  ranges  from  r>5  e\;  at  A  In  to  17  keV  at  A"  104. 
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KLL  Auger  energies  (eV). 
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APPKN'DIX  5 


Kinetic  Energy  (keV)  versus  Magnetic.  Rigidity  (Gem)  for  Electrons  'with  Bg-vulues  below 
500  Gem  (Energies  below  21.5  keV) 


Tabulated  values  are  obtained  from  the  relation 
E  =  i  1-1] 

where  the  1963  least-squares  adjusted  values  of  the  fun¬ 
damental  constants148  have  been  used: 


m0r. 2  (51 1 .00(1  +  0.002)  keV 

r/niBc  (5.80070  |;(I.(HKH)2)  x  10  4  (Gem)  1 

To  facilitate  interpolation  the.  energy  differences,  A, 
are  also  tabulated.  The  relation  between  kinetic  energy 
and  magnetic  rigidity  for  electrons  is  given  in  graphical 
form  in  Fig.  5:1. 
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APPENDIX  6 

Radiations  for  Exciluliuii  of  Electron  Spectra  and  Conversion  Factors  Lk  tween  Energy  Units 


Fig.  0  :  I.  I>iagmm  <>f  energy  versus  wuvdcngt  h  f*  >r  photons.  Some  X-ray  lines  which  an-  particularly  useful  in  KNt 'A  arc  indi- 
calcil  in  the  diagram  (energies  in  c\’,,A).  In  tin*  I’V  region  tin-  1 1 •  *  resonance  line  at  584  A  Jh  indicated  together  with  Home  other 
linen  which  cun  he  useful  for  particular  purposes,  The  laser  line  of  \2,  also  indicated  in  the  diagram,  is  presently  the  one  wit h  the 
shortest-  wave-length  which  can  be  convenient  I  y  produced  without  using  higher  harmonies.  Tin*  energy  t  »f  this  rudiation  is  gene¬ 
rally  too  |ow  to  excite  eleel  ron  spectra  hut- either  this  radiation  or  those  from  similar  light  sources  may  become  useful  in  more 
elaborate  arrangements  for  electron  spectroscopy  (for  example,  double  beam  experiments).  It  would  also  he  of  great  interest  in 
fill  the  gap  **f  exciting  radiat j<>ns  hetwej,n  t)w«  wodiun)  X  ruv  line  nnd  ih.-  h*‘)hjm  liy  Inn*.  Th<‘  difficulties  in  deing  this  are  dnot.n 
the  hrnafleiiiiig  of  X  ray  liiu-H  at  lower  energies  on  one  side,  and  tin*  low  intensities  in  UV  at  higher  energies  on  the  other  huIc. 
The  situation  would  he  improved  if  compensation  for  the  inherent  width  of  soft-  X  ray  lines  could  he  achieved  (for  example, 
according  to  the  scheme  discussed  in  Appendix  10),  or  if  more  intense  sources  of  UV  light  from  ioni/ed  atoms  such  as  neon  could 
he  designed  (Ho*  has  another  lin*»  at-  250  A  48.4  eV,m  which  euuld  possibly  be  used).  The  ideal  source  of  excitation,  namely  the 
X-ray  laser,  still  seems  far  from  becoming  an  accomplished  fact. 


Kno.rgv  conversion  factors  lirt  ween  tin-  cV  unit  employed  in  electron  spectroscopy  inul  units  frequently  used  in 
other  kinds  of  spectroscopy  and  chemistry.  The  set-  of  fundamental  constants14"  is  used. 
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APPENDIX  7 


Graphical  Representation  of  Photoelectric 
Cross  Sections 

The  absorption  of  photons  traversing  matter  (.Sec¬ 
tion  V;  7)  is  described  by  the  exponential  law 

/0  primary  photon  intensity, 

1  photon  intensity  at  a  depth  /, 

[i  mass  absorption  coefficient, 

ft  density  of  the  absorbing  material. 

The  mass  absorption  coefficient  is  a  measure  of  the 
probability  of  photoelectric  and  scattering  processes. 
For  X-ray  .pianta,  the  scattering  contribution  to  the 
mass  ftbsorpf'on  coefficient  is  much  smaller  than  the 
photoelectric  part  and  /t  therefore,  reflects  essentially 
the  pho w.'lcctr.e  cross  section  in  an  element.  The 


main  part  of  this  cross  section  is  due  to  photoelectric 
absorption  in  the  K  shell  for  radiation  wavelengths 
smaller  than  the  K  absorption  limit.  For  wavelengths 
between  the  K  and  the  L  absorption  limits,  the  main 
contribution  is  due  to  L  absorption,  etc.  The  mass 
absorption  coefficient  thus  gives  information  about  the. 
line  intensities  that  can  be  expected  in  an  ESCA 
spectrum.  Furthermore,  in  some  cases  it  may  be 
necessary  to  use  a  suitable  material  for  filtering  the 
X-ray  beam  (Section  VIII :!).  The  choice  of  filter 
material  is  then  based  on  mass  absorption  coefficient 
data. 

An  illustration  of  the  wavelength  and  Z  dependence 
of  the  mass  absorption  coefficient  is  given  in  Fig.  7:1. 
The.  figures  show  the  approximate  variation  of  ft  with 
atomic  number  Z  for  some  X-ray  line's  which  are  com¬ 
monly  used  in  ESCA. 
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MASS  ABSORPTION  COEFFICIENT  (g/cm*)' 
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Fig.  71,  TI»o  approximate  variation  of  mans  absorption  oooffieirnt  with  atomic  number  rA  for  rotdo  X  ray  linos  commonly  uh< 
in  Ksr.A. 
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APPKNDIX.  8 


Theory  of  Double  Focussing  Magnetic  Instru¬ 
ment  and  Calculation  of  Focussing  Properties 

A  magnetic  field  having  cylindrical  symmetry  with 
respect  to  tin-  2  direction  and  a  symmetry  plane,  a-  i/, 
orthogonal  to  z,  is  completely  defined  by  its  analytical 
expression  H(o,z)  in  this  plane.  (For  notations  see 
Fig.  8:1.)  A  charged  particle  with  velocity  e  has  a  sta¬ 
tionary  motion  in  a  circular  path  with  radius  p0  in  the 
a-  1/  plane  (z  0).  if  the  equation 


%'o) 


mr 

'Po 


(I) 


is  satisfied;  in  is  the  mass  of  the  particle  and  r  its 
charge.  If  the  initial  direction  of  the  particle  in  the 
r  ;/  plane  differs  from  the  direction  of  the  tangent 
to  the  stationary  path  (p~  p„)  (the  optic  circle)  by  an 
angle  <p0,  then  the  particle  will  return  to  the  optic  circle 
after  an  azimut  hal  angle  <jie,  the  radial  focussing  angle, 
that  depends  on  (/„.  If  the  angle  of  emission  in  the 
2-dircetion  is  yi0,  we  have  a  corresponding  focussing 
angle  i j>..  For  small  angles  y0,  the  following  relatiotis 
hold  between  the  focussing  angles  and  <f>c  and  the 
field  (see  e.g.  Kef.  52). 
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ORBITS 
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fa 


7X 


Ojl’k'o) 
Ji(L'o)  . 
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From  eq.  (2)  and  (II),  the  following  relation  between 
the  focussing  angles  is  derived 


I  (  i  1 

fay  fa:  n1 


(4) 


An  an-astigmatie  system  is  obtained  if  <f>LI  <f>;,  which 
gives  the  following  conditions  for  double  focussing: 


<At,  </>,  n  f'2 

«'(Po)  -  »<do) 

“P# 


(•r’> 

(«) 


'riie  solution  of  the  latter  eipiation  imposes  the  con¬ 
dition  that  the  magnetic  field  should  decrease  as  1/1  p 
in  the  vicinity  of  p  pn.  According  to  (>r>).  iloulile  fo¬ 
cussing  takes  place  after  an  angle  of  jt!  2  255", 

Although  it-  is  found  that  the  field  obtained  using 
the  l/l  p  relationship  is  a  good  choice,  extensive  ana¬ 
lyses  show  that  other  slightly  different,  fields  call  also 
be  employed.  The  general  field  form  may  he  expressed 
as: 

^(P-°)  «o|l  !  xij  I  fill2  I  yip  I  flip  I  ...)  (7) 

where  l’„  is  the  vertical  component,  of  the  magnetic 
field  on  the  optic  circle,  ?/  (p  p(l)/p(1  and  a. [I,  ...  are 
the  expansion  coefficients  which  are  determined  to 
minimize  aherrat ions. 

The  equations  of  motion  are  solved  for  a  particle 
leaving  flic  source  at  a  point  r/0  5p/n0.  T"  <fe/po  and 
with  angles  of  emission  </•„  and  yi„.  It  is  then  found,  in 
agreement  with  eq.  (5)  and  (ti),  that  first  order  an- 
astigniat  ie  focussing  occurs  after  <f>  n Kl’  when  a  J 
The  particle  will  strike  the  plane  tf>  zrl'  2  at  a  point 
defined  by  file  coordinates 

rp  rh, 1  50*  “WijS  i  !(■»//  -»)tS  i  1(2  ><V0  ■ 

X  y.;i  I  {{Ut/i  fi) i/'fi  (8) 

T*  T0  I  I  J(:t2/f  -  Ili)y  0y-0  (!•' 


Fig.  8:1,  Kloet roll  irajivtorinx  in  11  double  focusHiiitf  nm^not  ic 
8|>o<'tron»f»tor. 
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Table.  8:1  Expansion  coefficients  for  some  different  types  of  magnetic  field. 


Coeffi¬ 

cient 

Optima'. 

field 

(ltef.  277) 

i/l4> 

field 

Two 

Kolcmoidal  coils 
(Section  VI 11  :  *1) 

Four  pairs 
of  circular 
coils  (Ref.  279) 

Two  divided 

sulonoidal  coils 
(Section  VIII  :4) 

IX 

-  0.5 

-  0.5 

—  0.49093 

-0.50003 

-0.50005 

i> 

t  0.375 

1  0.375 

1  0.3752 

I  0.37517 

4  0.37518 

y 

-  0.21)811 

-  0.3125 

<  0. 1 1 3 

-0.2983 

-0.2987 

,1 

1  ('.2400 

1  0.2734 

-  0.30 

f  0.2302 

—  0.10 

e 

-0.2017 

-  0.2461 

-  I.8S9 

c 

1  0.1708 

*  0.2250 

i  1.024 

From  eq.  (8)  it  is  apparent  that  ry*  will  lie indejiendent 
of  when  ft  equals  1/8,  while  for  fi  .‘5/8,  ij  *  will  be 
indejH'ndent  of  yl-  Other  values  of  fi  are  possible,  hut 
all  involve  a  lower  resolution  for  a  given  transmission 
than  that  obtained  in  the  two  eases  given  above;  these, 
two  are  approximately  of  equal  merit.  However,  the 
alternative  /i  15/8  has  a  number  of  slight  advantages 
over  / 1  1  /8.  Thus,  for  /i  -  ll/H,  the  coefficient  of  the  last 

term  in  the  expression  (ll)  for  r*  will  be  zero.  Further, 
a  focal  plane  is  obtained,  so  that  several  energies  can 
be  studied  simultaneously  with  good  resolution.  This 
is  of  considerable  significance  now  that  arrays  of  semi¬ 
conductor  detectors  have,  been  developed. 

If,  for  the  above  reasons,  the  alternative  a  1  and 
[i  15/8  is  chosen,  third  order  calculations  give  the 
following  image  coordinates  as  functions  of  y 

V*  '  -  Vo  -I  J»/ii  “  sW>  -  2  Tii  I  12*10 To  a 7 o  -  ilnl'2 
>•  (r  i  m)'/i!  '  ti\)v ovo  i  i,'**K2 

x  (y  I  (hItiV/'o  i  !!7il/2(y  I  nVyoytii  - 
x  (Y  1  ir,)*?u To V’»  oVo'/o  JtoT’oV’o  <10) 

T*  T0H  ?;„r0  ! 

-\n\,‘l[y\  \l)yi  1  '\nX'l(y  1  .jjbyjiv’o  I  ini' 2 

X  (/  I  is)*7<,Tn9V  J**l  2(y  1  iA)T(iv’o  1  a To9’ii 

(11) 


From  the  above  expressions,  it  is  apparent  that  the 
minimum  aberration  error  will  he  obtained  when  y  is 
equal  to  415/144.  Calculations  of  th<  optimal  values 
for  several  expansion  coefficients  have  been  carried 
out  by  Lee- Whiting  and  Taylor.277  From  Table  8;  lit 
can  be  seen  that  these  optimal  values  very  nearly  agree 
with  t he  expansion  coefficients  for  l//p  field. 

A  computer  program  has  now  boon  developed  and 
used  for  the  study  of  the  electron  trajectories  in  a 
magnetic  field  of  the  above,  described  type.  The  pro¬ 
gram  first  computes  the  magnetic  field  generated  by 
the  coils  and  then  calculates  the  electron  trajectories 
in  this  field.  Any  system  of  coaxial  cylindrical  ceils  can 
he  used  and  the  Be  and  113  components  of  the.  field  are 
calculated  in  a  two-dimensional  (o,~)  array  of  points. 
Field  values  at  intermediate  points  arc  obtained  by  cu¬ 
bic  interpolation.  When  calculating  the  trajectories  one 
can  choose  different  radial  and  axial  angles  of  emission 
and  for  each  trajectory,  one  tun  calculate  its  point  of 
intersection  with  the  focal  plane  and  the  baffle  plane, 
or  any  other  azimuthal  plane.  Thus,  by  use  of  this 
program  one  can  calculate  all  electron  optical  proper¬ 
ties  of  t  he  spectrometer  which  means  that  iso-aberra¬ 
tion  curves  and  optimal  baffle  aperture  contours  can 
lie  obtained. 
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APPENDIX  9 


Theory  of  Double  Focussing  Electrostatic  In¬ 
strument  and  Calculation  of  Second  Order 
linage  Distortion  and  ol' Stray  Fields 

The  elect rie  field  in  the  space  between  the  two 
electrodes  in  a  spherical  condenser  varies  as  \jr~.  In 
this  type  of  field,  charged  particles  describe  elliptical 
paths."''""''2  In  a  given  field,  particles  with  suitable 
energy  and  angle  of  emission  move  in  a  circular  path 
with  radius  a.  Particles  with  the  same  energy  but  with 
other  angles  of  emission  from  a  point  source  will  move 
in  ellipses  with  major  axis  in.  fly  analogy  with  the 
ease  for  the  homogeneous  magnetic  field,  first-order 
focussing  will  occur  after  an  angle  71.  Since  the  field 
possesses  spherical  symmetry,  deaihle  focussing  will 
also  he  obtained,  which  means  that  the  transmission 
at  a  given  resolution  will  he  greater  for  the  electro¬ 
static.  condenser  than  for  the  homogeneous  magnetic 
field. 

Let  us  eousidi  r  a  sector  of  the  spherical  condenser. 
The  symbols  used  e.re  shown  in  Fig.  !!:!,  where  areas 
I  and  II  are  free  of  fields.  To  begin  with,  all  edge 
effects  between  the  field  and  the  field-free  areas  are 
neglected.  The  condition  for  electrons  with  velocity 
and  energy  K  I  loving  in  circular  paths  within  area  III 
is 

V  .If,  If.,  mint, 

,  (I) 

(/y  /(,)  f  ’  ' 

where  I  f  is  the  potential  difference  between  the 
spheres. 

Since  K  h'l'iri,  for  :ioii-iv)mI ivistie  energies  we 
obtain,  if  u  [.{If,  •  If.,): 


The  solution  in  the  ecpiations  of  motion  in  area  III 
will  he: 

I’  cos  y  !  (,l  sin  if,  !  ..y,-|2.  (It) 

"here  /•-  tir„  and  :1  ry  .  Tin-  inclusion  of  hoiindarv 
eondit ions  determines  /  and  Q  tor  electrons  with 

248 


velocity  v  -  );„(  I  1 />),  the.  ^-coordinate  in  area  II  is 
given  by  the  expression 


sin  rj,  I  10  -  2^fj  cos  <j>  I  2/fj 
I  r2|a  cos  if,  |a  10  sin  i^>j  .  (4) 


The  condition  for  focussing  is  that  for  a  given  value 
of  .r.,.  e.g.  r.i0.  if.,  shall  he  independent  of  a.  (4)  gives: 

''(■*•10  >  *20)  tail  <f(xlaxm  —  a2) .  (,ri) 


From  ig.  fl :  I  •(  i:,  apparent  that,  tail  y  xmln  and 
tan  0  xu, 'a.  Insertion  in  (/>)  gives: 


tan  <f 


t  an  y  I  tan  0 
tan  y  •  tan  0  I 


tan  (fJ  l  y). 


(«> 


From  this  it.  follows  that.  A ,  <)  and  F  are  eolinear, 
which  makes  it  possible  to  utilize  the  whole  volume  be¬ 
tween  the  spheres  and  still  obtain  a  point  focus.  In¬ 
serting  (fl)  in  (4)  gives  the  distance  at  which  an  ele.  l  run 
with  velocity  r0  (I  1  //)  passes  F: 

//2  2/tijl  cos  <j>  1  m  sin  if'j.  (7) 

The  dispersion  !>„  is  obtained  by  dividing  by  jl.  The 
insertion  of  j,  and  7  instead  of  tj. and  ay,,  in  (7)  gives: 

l>,  !'l  2-1(1  I  7. ».  (K) 

Hiis  is  twin*  as  much  as  for  a  sprrtnmief rr  with  a 
homogeneous  magnetic  field.  In  order  to  deriva  the 
resolution,  tin  calculations  must  he  extended  to  the 
second  order  in  a.  We  then  obtain: 

0.“  y  cos'5  0  t  cos  Q>  cos  )')  ({♦) 

a V.V  *  '/  », 

which  is  also  twice  the  correspond  ini'  value  for  the 
homogeneous  magnetic  field.  The  reduced  velocity  dis¬ 
persions  are  tlierelore  identical.  The  resolution  in  a 


m 


AO  F 

l'*iR.  Mi  1.  riirtich*  orhitn  in  i\u  elect roHtatie  Koctor  field . 


spectrometer  in  which  the  field  is  proportional  to  I /r2 
will  he: 


The  above  equations  apply  for  a  point  source.  By  ex¬ 
tensive  calculations,  the  dependence  on  the  finite  size 


KtK-  :  5?-  ( Wffn*ii*nt  t  ('  and  /v,  (for  Kr  5  k«V)  for  I  ho 
irmi^o  oiTtMK  tfiven  in  formula  (I  I)  hh  function'-  i.f  the  Hector 
itnjflc  (f» .  The  weior  nn^Ii*  i.hc:1  for  tho  eloctnmtutic  Hpeelro 
motor  iloHoriliofl  in  Soot  ion  VII  1:5  iH  indicated  with  hi  arrow. 


Tn!,!:  Calculated  resolutions  using  eq.  (12)  for 

different  transmission:,  and  specimen  areas  in  an 
electrostatic  spectrometer  with  sector  angle  <f>  —  157.5° 
and  orbit  radius  a  l!(i  cm. 

(a)  Rectangular  hnfflc.  Klect-ron  energy  Kc  -  5  keV. 


TriniHinis.sion 

Source; 

width  *  height 
min  ><  rum 

Resolution 

(it) 

% 

O.lil 

0.7  x  lo 

o.io 

<uw 

0.35  x  10 

0.05 

O.OX 

0.1  x  1 

0.03 

0.115 

0.2  x  7 

0.03 

0.011 

0.05  x  7 

0.01 

(b)  Shaped  bifllo  and  (Icliclor  hlit,  In  the  calculation  it  ban 
been  at  mimed  that  hereby  Mh1  influence  of  the  forum 

and  b’4n|  ^  in  (1-)  arc  nrgligibh*  for  |a,|:"I0r’  and 

|-o|  ■  7..r>  mm. 

TraiiHtnim  ion 

Source, 

width  •  height.  - — 

tin n  '  mm  A'(, 

Renohit  ion  (K)  % 

f.UeV  Ke  ■  1  krV 

0.20 

0.7  x  1 5 

a.li 

a.lo 

0.21 

0.3  x  15 

0.07 

0.05 

0.15 

0.3  *  ir. 

0.04 

0.03 

0.07 

0.05  x  J5 

0.010 

0,01 

of  the  specimen  cun  also  be  obtained.  Calculations  of 
this  type  have  been  carried  out  by  Kwaid  and  IJeb]M<l 
(in  eonneetion  with  nuiHs  speetroseojiy)  for  the  general 
ease  with  a  toroid  condenser.  If  edge  effects  arc  neg¬ 
lected,  an  electron  leaving  tile  specimen  at.  a  point 
with  coordinates  (xl0,  y0,  z0)  and  with  the  angles  of 
emission  a,  (equal  to  a  in  Fig.  It:  1 )  and  v.,  will  for  the 
correct  applied  voltage  over  the  condenser  reach  the 
focal  plane  (;r  rm)  at  a  point,  which  has  the  y-coordi- 
nate: 

u  «((•',  a?  i  C2«“  i  ci'M'  t  C',^0)2  I  (,\a/9 

I  i  K ,  a, j .  (11) 

The  coefficients  <\  in  this  formula  have  been  calcu¬ 
lated  for  a  symmetrical  radiation  path  (i.e.  p  </)  and 
for  different  values  of  the  sector  angles  using  the 
equations  published  by  Kwaid  and  Liebl.  The  term 
n  A  |7r  ih,  ui,  discussed  below,  due  to  the  relativistic 
spread  of  the  electrons  and  vares  with  the  energy  of 


249 


the  electrons  studied.  (',  and  A,  (for  A’,,  5  keV)  are 

given  us  a  function  of  the.  sector  angle  in  Fig.  9:2. 
When  </>  ISO ",  all  coefficients,  except  C4  and  A’,, 
have  their  minimutn  absolute  values.  It  is  thus  clear 
that  for  optinnim  focussing  properties,  <f>  should  l»e 
chosen  as  near  ISO  '  as  possible.  In  Table  9:  I ,  some 
sets  of  values  of  speeinicn  size,  transmission  and  reso¬ 
lution  for  a  spec!  rounder  with  if)  157-d  and  it  llti 
<'in  are  given.  As  a  first  guide  the  resolution  (given  in 
'fable  II :  I  a)  has  been  calculated  by  replacing  H  in  cep 
(10)  by  t  lie  sum  of  the  absolute  values  of  the  different 
image  errors,  thus  giving: 

A,  (|f’i«“|  I  I 

!  - '  “  l  -'J  !  I  A',ar|j  •<!/ 1/*„|,  (12) 

where  lb/,,  and  llv,,  are  the  width  and  the  height  of  (fie 
specimen  respectively  and  2il  is  the  width  of  the 
detector  slit.  The  value  for  the  resolution  gives  the 
base  width,  while  the  full  width  at  Indf  maximum  is 
the  most  commonly  used  value.  The  value  given  in 
Table  It:  I  is  accordingly  A1  /i’,,.  However,  as  shown 
in  Fig.  I) :  2  the  various  image  distortions  have  different 
signs,  so  that  by  a  suitable  choice  of  haiflc  shape  It,  is 
possible  to  increase  the  transmission  considerably 
while  retaining  the  same  resolution.  This  applies 
principally  to  the  effect,  of  ( ‘..Hz’: ,  which  can  be  elimi¬ 
nated  by  not  haying  af  equal  to  zero  lor  large  values 
for  a,.  It  should  lie  possible  to  cancel  the  effect  of  the 
term  f ,<i/(x'l}/V/)'J  to  a  large  extent,  by  using  a  curved 
detector  slit.  The  detailed  shape  of  the  slits  and  the 
baffle  should  be  determined  with  reference  to  tin- 
experimental  results,  since  the  effect  of  stray  fields, 
non-uniionnities  in  the  electrical  field  and  small 
errors  in  the  adjustment  of  the  two  sectors  with  respect, 
to  each  other  can  have  a  considerable  effect  on  the 
appearance  of  the  image.  The  magnitude  of  the  in- 
crease  in  transmission  which  can  lx  expected  is  shown 
in  'Table  It  :lb.  The  values  for  t  he  trausmi-  sion  anil 
resolution  quoted  in  this  table,  have  been  calculated 
assuming  that,  the  effect  of  the  term  ( '.p?.  is  negligible 
for  |a,.|  Id’,  and  that  the  curved  detector  slit,  allows 
the  use  of  specimens  with  a  height  of  15  mm  without 
the.  resolution  being  affected.  By  using  a  suitably 
wimped  baffle  if  should  he  possible,  for  example,  to 
obtain  0.15  transmission  at  a  resolution  of  % 
for  electrons  with  an  energy  of  I  keV. 


//« 


h'liigc  distortion  originating  from  relativistic  effects 
is  one  disadvantage  of  the  electrostatic  instrument. 
This  appears  as  a  broadening  of  the  eleefron  beam 
\vhi<  h  is  proportional  to  a,.  For  low  elect  ron  energies, 
the  proportionality  factor  is  of  course  very  small,  hut- 
tor  high  resolutions  its  effect  cannot  he  neglected, 
if  yr  is  the  distance  from  tin*  relativistic,  path  to  the 
non-relativist ie  focus,  the  magnitude  of  the  coefficient 
A',  in  the  series  expansion  jyr/a  /sT,a,  I  A\ar~  i  ...  must 


AV 


Fig.  Ih.'J.  Krlut  i vo  difference  between  t  he  I  jr  potential  and 
tin*  potential  obtained  wlu  n  imiii#  ^neintlfd  baffles  an  a 
fiiiirtion  of  Y'/V*  I’tie  beginning  and  .nil  of  the  Hpherieal  '  lee- 
trodoa  arc  indicnlod  by  K,  The  curve  i*  ^iven  for  r  3.'{  em  in 
an  <ilf»ftmrtt»it.je  field  between  Hectors  with  radii  cm 

amt  /(,  41)  chi,  The  limit-  A I  j  1'  10  ih  wet  by  t  he  nmnen- 

eiil  urrurary  in  the  ruleuliLtioriH, 


250 


be  taken  into  consideration.  K{  varies  of  course  with 
ft,  where  ft  »)/r,  and  the  relationship  is:268 


I  + ft1  ,  «in  y  <4 

1  —  ft  a  y 


W2*h 


eos  y  if 


«( •  /<2) 
*10)'  •  ,  1  1  /H 


(13) 


where  y*“l  -  ff1  '2 ft*ar.  The  variation  of  A',  with 
sector  angle  has  been  calculated  for  an  electron  energy 
of  ft  keV  and  is  shown  in  Fig.  0:2.  The  difference  be¬ 
tween  tlic  resolutions  expected  for  electrons  with 
energies  of  1  and  ft  keV  is  shown  in  Table  !):  lb. 

In  the  above  treatment,  the  edge  effects  in  the 
regions  between  the  field  and  field-free  areas  have, 
been  neglected.  It  is  possible  to  eliminate  these  effects 
by  the  use  of  grounded  diaphragms,  ller/.og'25’’'360  has 
carried  out  calculations  for  plane  condensers  and 
cylindrical  condensers  and  his  results  can  also  he  used 


Grounded  Beginning  of 
baffle  spherical  electrodes 

Kig.  1):4,  K< juipoteiitjal  rinvr*  for  un  rlurf.roHtutif*  Hpoclro- 
motor  with  /f,  32  cm  arm  40  to.  "’hr  gromifirfl  baffle  i* 

plaeotj  1  ft, ft"  from  the  olrrijodc,..  In  the  nilnilatiniiH  a  Hym- 
nifitricul  potential  baa  her  n  choHcn  whereby  I'  0  at  a  nuliiiH 
whiuh  i.i  Hoiaowbat  hihiiIIit  tliaa  the  moan  rudiiiH. 


Kig,  9:5.  Kelativo  difforoneo  between  the.  1/r  potential  and 
the  potential  obtained  lining  grounded  limiting  HurfaeoH  in 
the  z  direction.  Ah  in  Ktg.  lh.%  l'io  nilciilalioiiH  tiro  performed 
for  n  radiiiH  r  113  cm  with  the  radii  of  the  electrodes  liy  32 
cm  and  40  cm.  Tim  total  angle  between  the  limiting 

moan  is  fin".  <-)  in  tie-  angular  deviation  from  the  symmetry 
piano  with  ()  cbowf  n  jus  origin.  Al'  is  positive  whoa  tho  1/r 
potential  is  higher  than  tho  potent ial  calculated  numerically. 
Within  the  region  1 /»"<(-)<  l/>",  tho  difference  has  a  very  small 
influence  on  (ho  shape  of  the  image. 


to  some,  extent  for  spherical  sector  condensers.  The 
field  can  then  he  replaced  by  a  substitution  field 
with  the  same  character  as  the  ideal  field,  hut  with 
altered  geometrical  dimensions. 

A  more  exact,  calculation  of  the  peripheral  field  has 
been  carried  out.  by  a  numerical  solution  of  Laplace's 
equation 

A  V  0.  (14) 

The  results  of  these  calculations,*  performed  on  an 
HIM  11120  and  an  1 IIM  7000.  are  shown  in  Figs.  0:0 
and  0:4.  The  rapid  transition  of  the  potential  to  the. 
analytical  1  jr  form  is  shown  in  big.  0:0.  Fig.  0:4  shows 
the  appearance  of  the  cquipoLcnfial  surfaces. 

When  a  factor  condenser  is  used,  edge  effects  are 
introduced  at  two  additional  limiting  surfaces.  Fig. 
0:5  shows  the  deviation  of  the  numerically  obtained 
potential  from  the  Mr  potential  as  a  function  of  (lie 
angle  (-),  where  (4  is  the  angle  taken  from  the  symmetry 
plane  in  a  plane  through  <)  at  rigid,  angles  to  the  line 
AOF  (see  Fig.  0:1).  The  total  sector  angle  is  (>()"  and 
the  limiting  surfaces  are  grounded.  It  is  possible  to 
reduce  the  edge  effects  still  further  by  inserting  into 

*  TbankH  are  <1  no  to  Kil.lio,  Goran  VctUmwon  for  per¬ 
forming  dm  milculatiofiH. 


17  (»7I  Itt.'t  A  ttiui  A rfrt  Vey-  A'w,  »SV.  U jih.,  iSVr  IV,  Vttl.  20.  /;«pr,  **/jj  l*V'7 
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the  limiting  surface  some  strips,  each  placed  at  an 
appropiute  potential. 

Attempts  have  also  hren  made  to  calculate  the 

electron  paths.  For  this,  it  is  necessary  to  know  the 
electric  field  or  grad  V.  However,  the  above  calcula¬ 
tions  yield  V  and  fur  each  integration  point  in  the 
path,  tlV/ilr  and  ilV /(:</•  must  he  evaluated.  These  de¬ 
rivatives  are  obtained  as  differences  between  numerical 
values  which  art-  often  nearly  equal,  so  that  the  nume¬ 
rical  error  in  the  difference,  expressed  as  a  percentage, 
will  he  very  great.  This  makes  it  impossible  to  carry 
out  sufficiently  accurate  calculations  of  the  paths. 


On.  ■  method  of  avoiding  this  problem  is  to  set  up  ana¬ 
lytical  potential  functions  which  are  very  similar  to 
the  numerically  determined  ones.  One  possible  app¬ 
roach  is  to  use  a  potential  of  the  type: 

F=  (%-«)( 1  -e  “i1')  (15) 

which  applies  for  tp  T  tfi/'I.  Preliminary  results  obtained 
in  attempts  to  fit  the  variables  in  this  potential  to  the 
numerically  obtained  potential  show  the  same  trends 
in  (lie  dependence  of  image  distortion  on  <fi  as  Fig. 
0:2,  i.e.  a  large  sector  angle  gives  the  best  focussing. 
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APPENDIX  10 


Combined  Crystal  and  Magnetic  (Electro¬ 
static)  Focussing  for  Eliminating  Inherent 
Width  of  X-radiation 

The  width  of  an  electron  line  in  an  KSCA  spectrum 
is  determined  by  several  factors  (Section  VI 1 1 :  I ).  The 
main  contributions  to  the  width  are,  in  most,  cases,  tile 
inherent  width  of  the  X-ray  line  and  the  width  of  tin- 
level  studied.  I'nder  certain  conditions,  it.  is  possible 
to  compensate  for  tile  contribution  of  the  inherent 
width  of  the  X-ray  line  to  the  total  width  of  an 
elect  run  line  by  using  an  X-ray  crystal  monochromator 
ill  combination  with  an  election  spectrometer  (Section 
VIII:  I).  As  a  consequence  of  t his  eompensat ion,  t lie 
width  of  an  electron  line  will  lie  reduced  considerably, 
which  facilitates  the  measurements  of  small  chemical 
shifts  with  high  precision.  Since,  with  the  X-ray  line 
width  eliminated,  the  electron  lines  essentially  reflect 
the  widths  of  the  atomic  levels  in  the  target,  it  may 
also  he  possible  to  measure  the  widths  of  tlicx  levels 
directly  from  KN( 'A  spectra.  The  principh  of  the  com¬ 
pensation  is  applicable  to  different  types  of  electron 
spectrometers.  A  derivation  of  formulae  for  the  com¬ 
pensation  is  given  for  the  ease  of  a  homogeneous  fi<  Id 
magnetic  spectrograph.  The  electron  paths  arc  semi¬ 
circular  in  a  plane  orthogonal  to  the  magnetic  field. 

From  the  triangle  SI’I*'  of  Fig.  Id:  1,  one  obtains 

(2»)5  |2  •  »„ •  sin  in  i  x  -  sin  (id  ■  a)]2 

:  {.r-ens  (id  i  a)  i  2  •  d„  •  cos  id  :  // }“  (I) 

where  (jy  and  o  arc  flic  radii  of  curvature  of  the  trujee- 
torii.i  for  electrons  with  kinetic  energy  A’„  and  A’„  ■ 
A/'.',  respectively.  If  the  width  of  the  source  ,r.  and  the 
separation  of  the  electron  lines,  if,  are  both  small  com¬ 
pared  to  pi,  terms  containing  .r-’,  if-  and  xif  can  hr 
neglected.  This  gives 

(  ~  |  I  1  (.r  con  a  !  1/  cos  id)/(i0  (2) 

'(.V 

If  A/'.’  is  sniall  compared  with  the  photoeleet roll 
energy  one  obtains  for  inm-rclnt ivistii-  energies 


K0  I  A  A’  -  E0-  (^J2. 

Furthermore  according  to  F’ig.  10:1 
a-  7>- AA’/sin  /f 


(3) 

(4) 


where  the  crystal  dispersion  1)  <lxld(hv). 

Kip  (-),  (ft),  and  (4)  give  the  distance,  y,  at  the  detector, 
between  electrons  with  energies  A'0  and  A’0  I  AA. 


i'„  ■  A  A’  L  7>A'„  cos  «  \ 
A'„  cos  id  \  (Jo  sil1  ft  ) 


(f>) 


If  the  contribution,  AA\  from  the  inherent  width  of  the 
X-ray  line  is  not  allowed  to  contribute  to  the  total 
width  of  the  electron  line  ;/  must  he  zero  i.e. 


A',,  sin  fijl)  cos  y.  (ti) 


/•.'<  prr  i  inriitn  / 

'Hie  semicircular  spectrograph  described  in  Section 
VIII  :,‘l  lias  been  used  for  an  experimental  verification 
of  equations  (n)  and  (ti).  The  spectrograph  is  equipped 
with  mi  X-ray  tube  for  copper  radiation  and  a  crystal 
monochromator  that  focusses  the  radiation  on  the 


THE  COMPENSATION 


JAMS  I  fltCIROM  r-f  ILCIOW 

SI-tCIROMtna 


|-'ig.  Id;  I,  ( 't>iiit>ina(  ioii  of  eryntul  monochronmtiy.ution  and  ti 
Hi'iiiifiiviiliir  inugnet ir  »!»<•'•( ro^nijili.  The  jmrnineterH  used  in 
tin*  fieri  vat  ion  of  the  formulae  for  the  eomjH’iisHt  ion  of  the 
eorit  rihut  ion  of  (he  X-ray  line  wifll.li  to  the  total  width  of  an 
electron  line  art'  given  in  the  figure. 
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Fig.  10:2.  iOxpcritmmlal  recordings  of  the  electron  lines  <’IA*((:uA'<i|)Nadl  and  t'IA'(('ufv«,)Niif'l  for  different  angles  fi.  Tile 
linen  coalesce  for  (I  12.5"  in  )  rrorihtlli'o  with  equation  (7).  Track  counting  was  made  by  tlio  TMI)  {Section  VIII  :  H). 


turf'd.  The  X-ray  tube  mid  the  monochromator  occupy 
a  fixed  position  relative  to  the  spectrograph.  Tin*  angle 
between  the  target.  and  the  X-ray  beam  is  the  only 
degree  of  freedom  available.  If  this  angle  is  varied,  the 
target  will  not  always  be  situated  on  the  Howland 
circle  of  the  crystal  monochromator  This  experimental 
restriction  would  not,  idlow  a  satisfactory  study  of  the 
variation  of  the  width  of  individual  electron  lines. 
We  have  therefore  chosen  to  verify  the  compensation 
method  described  by  studying  the  separation  of  two 
electron  lines  instead  of  the  width  of  one  electron 
line. 

The  target  war  a  very  thin  film  of  sodium  chloride 
evaporated  onto  an  aluminum  foil  and  the  distance 
y  between  the  electron  lines  CIA'  (du  A'ot,)  Nadi  and 
dIA'  (CuA’a.,)  Nadi  was  measured  as  a  function  of  the 
angle  a  (see  Fig.  10:  I).  Detection  was  performed  photo¬ 
graphically  and  the  photographic  plates  were  analysed 
using  the  track  counting  t<  clmnpie.  The  experimental 


results  are  shown  in.  Fig.  10:2.  As  can  be  seen  in  the 
figure,  the  distance  between  the  two  lines  decreases 
with  decreasing  angle  <x.  Finally  the  two  electron  lines, 
dlA'(duA'a,)  and  dlA'(dtt  Aaa)  coalesce  for  fi  12.5° 
which  corresponds  to  an  angle  a  10.5°  (since  in  our 
geometry  id  1.0  '  and  a  /I  I  id). 

The  solid  curves  in  Fig  !0:!f  show  the  calculated 
distance  between  the  electron  lines.  The  analytical 
expression  which  corresponds  to  e<|.  (5)  for  the  right, 
hand  branch  is 


(.V  A  A  /  1)  Ku  1 

K„  •  cos  «j  \  p, |  cos  oi  tan  a  tan  oi 


(7) 


in  our  geometry,  where /f  a  id.  Foi  this  case  cq.  (Ii) 
is  replaced  liy 

a  Cretan  I  I  tan  o,  I .  (H) 

\t'o  <:"s  oi  / 

A  numerical  calculation  shows  that  compensation  is 
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attained  when  a  1(1.5  which  was  also  found  experi¬ 
mentally  (see  Fig.  10:  ').  The  equation  for  the  left- 
hand  branch  is 

I 

tan  (  a)  I  tan  <u 
since  in  this  case  / 1  a  In),  a 

and  x  DAK/n'm  /l. 


(/  l>o  ■  A*'  L  r  !)Vn 

Eq  COS  (I*  \  Qq  COS  (it 


This  branch  is  only  of  theoretical  interest,  and  has 
therefore  not  been  cheeked  experimentally.  The  ex 
| x*ri mental  values  corresponding  to  the  right  hand 
branch  are  shown  in  Fig.  10:3  and  are  in  good  agree¬ 
ment.  with  the  theoretical  curve.  Ktj.  (,r>)  and  ((*)  have 
thus  been  verified  experimentally. 


Kig.  10:4.  Dintiuiee  hotweeu  two  electron  linos  hh  a  function  of 
Mm  angle  a  in  Mm  ideal  ease.  The  lint's  are  reduced  to  one  single 
lino  for  two  different  angles  a. 


Kig.  |0;3.  The  solid  curves  an*  calculated  from  equation  (('») 
(the  brunch  to  the  right)  and  from  equation  (8)  (the  branch  to 
the  left)  and  show  the  distance  between  the  electron  lines 
CIA  ((*u/va,)Na( 'I  ami  <’!A"{< *u A’ nt) Nat ’1  as  a  function  of  the 
angle  a  in  our  cx|sM’ii..chtul  ammgesiient .  r.x|M<ritncntal  points 
are  shown  for  the  branch  to  the  right. 


77m  ideal  cast • 

Wc  liivvi1  thus  shown  that  it  is  )wissible  to  combine 
crystal  iiioiimluoiimtiy.od  radiation  with  a  magnetic 
s|ieetrorneter  in  such  a  way  that  focussing  of  phnf.o- 
oloctroiis  from  two  different  radiation  wavelengths 
onto  the  same  place  in  the  spectrometer  focal  plane 
can  he  achieved.  The  inherent  spread  in  wavelength  of 
a  single  X-ray  line  requires  that  the  focussing  on  the 
target  must  he  perfect.  It  is  thus  essential  that  the 
target  he  placed  on  the  Howland  circle  of  the  crystal 
monochromator  and  that,  the  width  of  the  diffraction 
pattern  (the  rocking  curve)  of  the  crystal  he  small 
compared  to  the  width  of  t  he  X-ray  line.  Likewise,  the 
intensity  of  the  X-ray  line  must,  he  high  so  that-  the 
measurements  can  he  carried  out.  in  a  reasonably  short, 
period  of  time.  These  two  requirements  are  contra¬ 
dictory.  The  need  for  high  intensity  per  crystal  area 
means  that,  a  bent,  crystal  has  to  he  used  and  that  the 
radius  of  t  he  Rowland  circle  is  small.  The  necessity  for 
lierfcction  means  that.  tin.  radius  must  lie  large  since  it 
is  easier  hi  obtain  a  perfect,  crystal  in  this  ease.  The  need 
for  high  intensity  is  less  critical  if  a  double  focussing 
spectrometer  is  used  for  the  Nubs'-quciit  electron  ana¬ 
lysis.  Perfect  focussing  on  the  target  means  t  hat  fl  /(,„ 
where  [ln  is  the  angle  between  the  radiation  direction 
and  the  tangent  to  the  Howland  circle.  In  the  ideal 
ease  the  X  -ray  t  ube,  the  crystal  monochromator  and 
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the  target,  haw  fixed  positions  in  relation  to  each  other 
hut.  the  whole  system  must  he  rotiita'ai  around  an  axis 
through  S'  (see  Fig.  10:1).  The  spectrometer  is  fixed 
and  trie  target,  is  always  ]>laeed  on  the  Howland  circle 
of  the  crystal  monochromator.  Hq.  {!>)  is  then  reduced 
to 


K..  cos  o> 


(l-  -cos  a)  (10) 

\  Qo  Hl"  /*«  ! 


and  eq.  ((!)  heeomes 

a  .irecos  («„  sin  /fR/ DE0).  (11) 

The  solid  curve  shown  ill  Fig.  10:4  is  obtained  from 
eq.  (10).  Eq.  ( 1 1 )  shows  that,  compensat ion  is  achieved 
for  two  different  angles  or  not  at  all.  The  condition 
for  compensation  is  thus 

Co  »i n/V-  Mf,.  (12) 


Fitf.  HI :  ft.  (Added  in  ftroof),  Krhoin'ilie  view  of  (hr  j»ro|nmf*t|  hitfli  ]»'>wrr  X  ray  iiitMiochroinalor. 


Added  in  proof 

Fig.  10:5  shows  a  schemat  ic  view  of  a  proposed  high 
power  X-rav  nionoehroniator  presently  under  study. 
The  arrangement  consists  of  a  processing,  water  coo¬ 
led  aluminum  anode  ((')  and  a  curved  quartz  crystal 
(K).  The  electron  gun  (.4)  with  an  electrostatic  deflec¬ 
tor  (B)  w  ill  give  .‘{<W)  m A  electrons  at  20  kV.  The  elec¬ 
tron  hcarn  is  focussed  at.  D  near  the  periphery  of  the 
spherically  shap'd  anode  surface.  The  diameter  of  the 
precession  circle  is  (i  cm.  The  precession  takes  place 
around  a  steel  hall  (A1),  which  is  fixed  to  the  anode 
stem  and  with  its  external  spherical  hearing  soldered 
onto  the  X-ray  housing.  An  ult raflexihle  hollow  ( F) 
is  soldered  onto  the  housing  around  the  hearing  and 
onto  the  anode  stem  near  the  anode.  The  anode  is  thus 
able  to  p recess  in  vacuum  at,  high  speed  without  use 
of  greased  hearings  exposed  to  high  vacuum.  Since  the 
anode  does  not  rotate  around  its  axis  hut  only  makes 
a  precession  movement,  water  coolant,  can  lie  supplied 
from  the  outside  without,  twisting  the  flexible  pipes 
for  the  inlet  and  outlet  (/).  The  cooling  water  is  forced 
to  flow  through  an  internal  tube  in  the  stem  to  the 
mushroom  shaped  anode  and  hack  again  between  tl  is 
internal  tube  and  the  stem.  An  air  jet  motor  (./)  (no 
elect roniagnetie  stray  fields)  with  gear-wheels  provi¬ 
des  the  fast  rotation  of  the  wheel  (1,  to  which  the  anode 
stem  is  asymmetrically  connected  by  means  of  the 
steel  hearing  at.  //. 

After  diffraction  at  the  curved  quartz  crystal  (A-) 
(bent  to  a  radius  of  about.  10  cm)  the  AlA’a  radiation 
is  focussed  on  the  sample  (M)  after  having  passed 
through  a  thin  window  (L).  The  angle  between  the 
incident  beam  and  the  source  surface  can  lie  adjusted 
from  the  outside.  The  expelled  photoelect  runs  (;V)  are 
analysed  m  a  high-resolution,  double  focussing,  elec¬ 
tron  spectrometer. 

It  should  he  emphasized  that  there  are  some  quite 
severe  problems  connected  with  (he  realization  of  the 
above  proposed  scheme.  In  fact,  very  little  is  known 
about  the  details  of  the  diffraction  properties  of  a 
quartz  crystal  bent  to  such  an  extremely  small  radius 
as  It)  cm.  Dislocations  and  other  imperfections  in  the 
crystal  may  have  serious  effects  on  the  mechanical 
properties  at  bending  and  also  on  the  attained  width 
of  the  rocking  curve.  This  latter  may  he  broadened  to 
the  extent  that  the  reduction  of  width  of  an  KSCA  line, 
discussed  in  this  appendix,  becomes  insignificant .  (If 
only  a  moderate  X-ray  resolution  could  he  achieved 


the  scheme  might  still  he  useful  to  improve  the.  signal- 
to-background  ratio  in  KSCA  and  to  reduce  radiation 
damage.)  In  order  to  overcome  some  of  the  difficulties 
a  carefully  selected  crystal  which  is  very  thin  (50.1 
mm)  and  properly  etched  has  to  be  used.  High  preci¬ 
sion  is  required  in  the  machining  ot  the  crystal  holder. 
According  to  recent  studies  at  Uppsala  quartz  seems 
to  he  superior  to  other  crystals  like  KAP  for  soft  radia- 
tion  (pers.  comm,  from  E.  Noreland;  cf.  E.  Noreland 
ft  al.,  UUIP-511  (Dec.  Itttiti)  anil  R.  Nordfors,  Arkiv 
Fysik  10,  27!)  ( 1  {)/><!)).  For  reflexion  we  intend  to  try 
the  (1(H))  plane  with  the  lattice  constant  2d  8.51  A. 
The  angle  between  incident  and  reflected  beams  is 
then  23"  for  AIA'a,..2.  The  inherent  width  of  around  1 
cV  for  the  AlA’a,,2  line  would  in  the  ideal  case  be  dis¬ 
persed  0.75  mm  along  the  Rowland  circle  where  the. 
source  is  situated.  With  a  central  orbit  radius  of  30 
cm  in  the  double  focussing  electron  spectrometer  the 
source  has  to  lie  tilted  ;  (i()°  relative  to  the  X-ray  beam 
in  order  to  achieve  compensation  for  the  width  of  the 
AlAsq.j  line.  The  curvature  of  the  X-ray  line  at  the 
focus  limits  the  useful  height  of  the  source  to  around 
(i  mm.  The  geometry  is  such  that  there  will  be  only  a 
negligible  extra  line  broadening  due  to  the  fact  that 
t  he  plane  of  the  source  does  not,  fall  along  the  Rowland 
circle. 

As  previosly  discussed  in  this  publication  (Section 
VI i  1:1)  any  sort  of  nionoehromiit ization  of  the  X-ra¬ 
diation  results  in  a  great,  loss  of  intensity  in  the  elec¬ 
tron  sped  rum.  The  two  main  factors  contributing  to 
ibis  loss  are:  I.  the  small  useful  solid  angle  subtended 
by  the  diffracting  crystal  and  2.  the  finite  reflectivity 
of  the  crystal.  Unfortunately,  only  a  very  rough  theo¬ 
retical  estimate  cun  he  made  of  the  combined  effects 
of  these  two  factors.  A  Iosh  factor  of  50  compared  to 
the  conventional  X-ray  arrangement  does  not  seem 
unrealistic.  In  any  ease  a  substantial  increase  in  X-ray 
output,  is  desirable.  Most  of  the  spictra  studied  in  this 
publication  have  been  recorded  at.  a  power  dissipation 
of  a  few  hundred  watt,  at  the  anode.  The  use  of  a  water 
cooled  rotating  anode  should  improve  this  figure,  con¬ 
siderably.  The  proposed  arrangement  shown  in  the 
figure  is  only  one  of  several  possible  alternatives.  How¬ 
ever.  if  it.  works  properly  if  has  compared  to  other 
types  of  rotating  anodes  some  sp  eial  features  which 
are  important  in  ENCA.  The  X-ray  output  can  lie 
corn-cut rated  to  a  very  small  spot..  This  spot  is  not  sub¬ 
ject  to  any  movement,  in  spite  of  the  fact  that  the  heat 
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is  dissipated  over  a  largo  area  (a  circular  baud  with  a 
diameter  of  (i  cm  and  a  width  of  3  nun).  A  heat  dissi¬ 
pation  (!  kW,  evenly  distribut'd  over  this  area  (  *  ft. 7 
cm2),  would  not  cause  too  much  of  a  problem  whereas 
a  concentrated  beam  (n  ^-3  mm)  on  the  processing 
anode  changes  the  heat  transport  completely.  Super¬ 
imposed  on  a  moderate  heat  ing  of  t  he  circular  band 
on  the  anode  one  then  encounters  a  sudden  increase  in 
temperature  of  the  surface  element  that  is,  at  anyone 
moment,  exposed  to  the  electron  beam.  Calculations 
show  that  a  very  high  sja-ed  of  precession  is  required 
at  a  constant  power  level  of  ti  kVV,  if  the  instantaneous 
heating  will  not.  cause  immediate  anode  evaporation. 
(For  a  discussion  of  the  heat,  dissipation  in  X-ray  ano¬ 
des  see  e.  g.  W.  -1.  Osterkamp,  Philips  Res.  Rep.  pp. 
49,  ltll,  303  (1948)).  For  an  electron  beam  forming  a 
circular  spot  on  an  aluminum  anode  the  temperature 
rise  in  the  surface  during  the  passage'  through  the  beam 
will  be 

AT  =  0.0!)/'  ■  It  *  r ' 1  >’  1 

where  V  is  the  beam  power  in  watt.,  I!  the  radius  of  the 
procession  movement  in  cm.  r  the  numbo-  of  revolu¬ 
tions  per  second,  and  r  the  focal  spot  radius  in  cm.  In 


the  pr  e  this  means  that,  the  maximum  power 

can  be  a*  I  s  only  at  a  speed  of  precession  exceeding 

1000  rpin  and  provided  that  the  size  of  the  focal  spot 
is  carefully  adjusted  (most  likely  it  must  he  increased 
somewhat).  An  infrared  thermometer  is  therefore  in¬ 
corporated  with  our  arrangement,  in  order  to  make  it 
possible  to  measure  continuously  the  tem[>erature  at. 
the  spot.  Provisions  are  also  made  for  instantaneous 
shut-down  in  ease  of  overheating.  As  mentioned  above, 
a  high  power  anode  without  subsequent  crystal  mo- 
nochromat  ization  would  he  suitable  for  UNO  A  in  order 
to  increase  speed  of  recording  in  ordinary  measure¬ 
ments. 

Preliminary  design  studies  of  this  proposed  high 
power  monoc.iromaf  or  have  recently  I  icon  initiated  by 
two  of  us  (K.  S.  and  S  -K.  K.)  during  a  stay  at  Law¬ 
rence  Radiation  Laboratory  in  Berkeley,  Oalif.  These 
studies  an'  performed  in  collaboration  with  1).  11. 
Templeton,  •).  M.  Nitschkc,  O.  A.  Corum  and  II.  P. 
Robinson  at  Lawrence  Radiation  Laboratory.  Wo 
want  to  acknowledge  our  gratitude  to  our  colleagues 
1.  Perlman,  .1,  M.  Hollander,  1).  A.  Shirley  and  A. 
Chiorso  for  their  interest  and  support  of  this  research 
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APPENDIX  1 1 


Definition  of  Oxidation  Number  and  Formal 
Charge 

The  oxidation  number  of  an  atom  in  a  chemical 
compound  in  defined  as  the  number  which  represents 
the  electrical  charge  which  the  atom  would  have,  if  the 
electrons  in  the  compound  were  assigned  to  the  atoms 
according  to  the  following  rules. 

1.  The  oxidation  number  of  a  monatomic  ion  in  an 
ionic  substance  is  equal  to  its  electrical  charge  in 
units  of  th(>  elementary  charge. 

2.  The  oxidation  number  of  atoms  in  an  elemental 
substance  is  zero. 

3.  In  a  covalent  compound  of  a  known  structure, 
the  oxidation  number  of  each  atom  is  the  ciiurge  re¬ 
maining  on  the  atom  when  each  shared  electron  pair 
is  assigned  completely  to  the  more  electronegative  of 


the  two  bonding  atoms.  An  electron  pair  shared  by 
two  atoms  of  the  same  element  is  divided  between 
them. 

Valency,  which  is  an  ambiguous  and  less  precise 
concept,  should  not  he  substituted  for  oxidation  num¬ 
ber,  and  the  terms  valency  or  valence  should  not  he 
used  without  an  explicit  definition.  Oxidation  numbei  s 
are  very  useful  for  balancing  oxidation  reduction 
equations.  They  also  have  a  great  instructional  value 
in  the.  classification  of  chemical  compounds.  They  are, 
however,  only  formal  quantities  and  a  strict  physical 
meaning  can  not  be  attached  to  them,  as  the  definition 
arbitrarily  approximates  every  bond  between  elements 
of  different  electronegativities  to  a  fully  ionized  bond. 

The  formal  rhurye  is  the  net  charge  on  an  atom,  if 
all  electrons  shared  in  bonds  are  divided  equally 
between  the  atoms,  (ltcf.  188  and  p.  8,  Ref.  103). 
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A1TKNDIX  \2 


Sonic  Basic  (Concepts  in  Resonance  Theory 

(Oh.  I.  Hof.  1113.  anil  Hof.  194) 

If  a  molecule  can  he  represented  by  several  different 
arrangements  of  tile  valence  electrons  corresponding  to 
Structures  I.  II.  Ill  ....  the  wave  function  for  the 
molecule  can  he  expressed  by  a  linear  combination  of 
the  wave  functions  for  the  individual  structures: 

V  "V’i  1  ty’n  1  rV'm  1 

The  coefficients  a,  l>.  c  ...  arc  determined  in  such  a 
way  that  the  energy  of  the  system  hccoinesa  minimum. 
It  has  become  customary  to  speak  of  sneli  a  system  as 
resonating  between  Structures  I,  II.  Ill  ...  or  as  being 
a  resonance  hybrid  of  the  structures.  The  extra  stabili¬ 
ty  gained  through  the  resonance  is  called  t he  resonance 
energy. 


Molecules  can  often  he  represented  hy  a  large  num¬ 
ber  of  different  structures.  The  approximative  relative 
weight  of  the  contribution  of  each  structure  to  the 
resonance  hybrid  can  very  often  he  estimated  directly 
from  the  struct  oral  formula  by  application  of  simple 
empirical  rules,  and  as  a  result  most  often  only  a  few 
structures  need  to  he  considered.  The  normal  state  of 
the  molecule  is  then  represented  as  a  system  of  a  few 
chemical  structures  interconnected  with  the  symbol 
«-►  (ef.  Kig.  V:23): 

I<  .||<  >II1<  >1V<  >... 

This  simple  application  of  the  resonance  theory  has 
proved  very  fruitful  in  chemistry  (ef.  elementary  text¬ 
books.  Refs,  in  Chapter  1  of  Ref.  1 1)3).  It  is  essentially 
ipuditative  and  the  theory  of  tile  chemical  bond  is  still 
far  from  perfect  (.Section  li  fi,  Ref.  Ill, '5). 
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APPKNDIX  1.1 


The  Electronegativity  Scale 

The  electronegativity  scale  mostly  used  l»y  clicmists 
has  been  derived  by  Pauling  from  thcrMochcmicul 
data  (Chapter  lb  Kef.  I !l({).  In  terms  of  the  icsonancc 
theory,  a  bond  between  two  unlike  atoms  .1  II  can 
he  described  by  a  linear  combination  of  the  wave 
functions  for  the  bonds  .1  .1  and  II  II.  In  the  wave 

function  for  a  bond  between  two  like  atoms,  e.g.  .1  .1. 

the  ratio  h/ti  determining  the  relative  eontribul  ion  of 
the  ionic  structures  is  small. 

V’  "Vis  •  h'A  ■  ,1  1  h'A  A  • 

111  the  wave  function  for  a  bond  between  two  unlike 
atoms  of  different  electronegativities,  c.g.  ,1  II.  tile 
ratios  r/o  and  <l/n  differ  from  lijti.  since  they  assume 
values  that,  give  the  system  extra  resonance  energy. 

V  "f  ah  1  rip  a  •  n  '  n  ■ 

The  additional  bond  energy  is  due  to  the  ionic  charac¬ 
ter  of  tile  bonds.  The  difference  between  the  resulting 
bond  energy  />(.!  II)  and  the  geometric  mean  of  the 
bond  energies  1)(A  .1)  and  l>(li  li)  is  a  measure  of 

the  extra  ionic  energy,  X All 


A',,(  P(A  1!)  |/\.l  A)l)[ll  /()]' 

Using  tbermocbcmicc.llv  determined  bond  energies, 
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Pauling  has  found  that  KA'sh  satisfies  an  additivity 
relation,  and  the  electronegativity  difference  between 
atoms  A  and  II,  %a  Xh  is  defined  as: 

| Xa  Xii  1  ft, | Si  A  s/e 

The  electronegativities  of  elements  are  represented  in 
Table  111:1.  The  electronegativity  scale  applies  to 
atoms  with  formal  charge  zero.  Charge  affects  the 
electronegativity  and  corrections  for  this  may  he  in¬ 
troduced,  see  below.  However,  since  calculations 
based  on  the  electronegativity  scale  only  have  approxi¬ 
mate  significance ,  these  corrections  are  unnecessary 
in  most  eases  (p.  101 ,  lief.  10(1).  Moreover,  the  electro- 
neutrality  principle  implies,  that  charges  on  atoms 
tend  to  be  neutralized. 

There  are  several  other  electronegativity  scales2"1  •a,w 
beside  t  hat  of  Pauling.  The  most  common  of  these  is 
that  of  MuHihcii,2’13-2'"  in  which  the  electronegativity 
of  an  atom,  Xa-  i-s  defined  as: 

Wa  Ka) 

lA  is  the  ionization  potential  and  KA  the  electron 
affinity  for  the  appropriate  valence  states  This  de¬ 
finition  implies  that  equal  energy  is  expended  in  trail, s- 
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from  Mullike  n’s  equation  are-,  to  a  good  approximation, 
proportional  to  Pauling's  valuer. 

According;  to  Pauling,  a  unit  formal  e-hargr  changes 
the  electronegativity  value  of  an  olomont  liy  approxi¬ 
mately  two-thirds  of  tin;  elcctroimgativity  eliffe;re;ne:e;  to 
the  next  atom  to  the  right  in  the  Periodic  Table  (pp. 
65,  72,  Kc;f.  103).  This  wan  deduced  in  the  following 
way:  The  increasing  electronegativity  for  a  series  of 
atoms  in  the  Periodic  Table;  can  be  attributed  to  the. 
increase  in  effective  nucicar  charge;  acting  on  the;  va¬ 


le;ne;e  ele;e.trons.  The  screaming  cemstant  e>f  one;  valence 
electron  on  another  i.s  about  0.4,  anel  hence;  in  going 
for  instance  frenn  N  to  0  the  inercane  in  e;ffe;e- 
tivo  nuclear  cluirge;  is  I  0.4  0.0.  Ill  going  from 

<1! 

N<  to  K  •  th:;  ine;roase;  in  effi'ctive;  nuclear  charge 
is  acce<rdingly  0.4.  Thus  a  unit  positive;  charge;  can  be 
expeoteiel  to  change  the  X  value  for  an  atom  by  about 
twe>-thirds  of  the  electronegativity  elifference;  to  the; 
ne;xt  atom  te>  the  right  in  the;  Periodic  Table,  anel  a 
negative;  formal  charge  similarly  decreases  the  X  value. 
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APPENDIX  14 


Electronegativity  Difference  and  Partial 
Ionic  Character  of  Bonds 

Application  of  the  resonance  theory  has  led  to  the 
concept  of  partial  ionic  character  of  bonds  between 
unlike  atoms,  if  ionic  structures  contribute  to  the 
resonance  hybrid,  the  hybrid  bond.,  have  a  partial 
ionic  character  which  will  he  determined  by  the  relative 
weights  of  the  contributing  ionic  structures,  i.e.  (c/u)2 
and  (din)'1  in  the  wave,  function: 

V>  =  ayAt  4  c.y)A ,  „  4  dyu  w 

The  partial  ionic  character  of  bonds  may  1  e  estimated 
from  the  electronegativity  scale.  Pauling  has  derived 
the  following  empirical  equation  for  the  calculation  of 
amount  of  ionic  character,  l,  from  the  dipole  moments 
of  halides: 


Pig.  14;  1 .  Amount  of  ionic,  character  versus  electronegativity  <f  if - 
forence.174 


/  =  1  _e  »-26<JCS  *»>• 

This  function  is  represented  in  Fig.  14:1. 

Our  definition  of  modified  oxidation  number  is  so 
chosen,  that  a  bond  is  considered  as  fully  covalent  in 
the  application  of  the  rule  for  formal  charge  when 
[Xa  Xu)  '  0.5  (Section  V:4).  This  corresponds  to  an 
ionic  character  <  (i  %.  The  corresponding  covalent 
bond  character  is  thus  >  !)4  %. 

Partial  ionic  character  has  also  been  estimated  from 
a  consideration  of  nuclear  quadrr/pole  moments.2*5 
This  approach  results  in  greater  ionic  character  than 
the  dipole  moment  treatment.  The  interpretation  of 
the  significance,  of  quadrupolc  coupling  constant  is, 
however,  not  straightforward  (p.  100,  Ref.  1 03).  With 
dipole  moments,  polarization  of  ionic  bonds  is  con¬ 
sidered  as  covalent  character,2"5 


El«ctron«gativity  <t,f»r«nc« 
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APPENDIX  15 


Calculation  of  Bond  Number 

(Oh.  7,  lief.  193) 

The  estimate  n  of  bond  number  from  bond  lengths 
(interatomic  distances)  is  based  on  the  fact  that  multip¬ 
le  bonds  (double  or  triple)  are  shorter  than  covalent 
single  bonds.  Application  of  the  resonance  theory  to 
this  phenomenon  has  led  to  the  concept  of  fractional 
bonds.  The  total  degree  of  bonding  is  represented  by 
the  Isold  number,  n. 

Bond  shortening  is  interpreted  as  a  higher  degree 
of  bending,  or  in  terms  of  resonance  or  valence  liond 
theory  as  u  greater  contribution  from  multiply  bonded 
structures  to  the  resonance  hybrid.  (In  terms  of  mole¬ 
cular  orbital  theory  this  means  a  contribution  of  p„ 
or  <L  p„  bonding  in  addition  to  the  a  bonds.)  The  hy¬ 
brid  bond  correfl|>onds  to  a  degree  of  bonding  interme¬ 
diate  between  the  individual  resonating  structures,  and 
the  resonance  hybrid  usHumcs  a  bond  length  interme¬ 
diate  between  those  of  the  individual  resonating  struc¬ 


tures.  Using  resonance  theory,  Pauling  has  derived  the 
following  equation  for  the  calculation  of  n: 

(3  ")*(/>,  />,)- 4  (n  !)*(/>, 

(»tlf 

1)  is  the  observed  bond  length,  Dt,  2>,  and  l)s  are  the 
corresponding  pure  single,  double  and  triple  bond 
lengths.  These  are  obtained  by  addition  of  tile  respec¬ 
tive  single,  double  and  triple  bond  radii  of  the  atoms 
and  correction  for  differences  in  electronegativity  with 
empirically  derived  correction  terms.  Accurate  bond 
radii  are  only  known  for  a  limit'll  number  of  elements. 

If  2  >n  >  I,  100  (n  1)  represents  the  jiercentage  of 
double  bond  character. 

If  3>»>2,  100  (n  2)  represents  the  percentage  of 
triple  bond  character. 

An  estimation  of  the  amount  of  ionic  character  of 
the  bonds  ih  obtained  by  multiplying  /  for  the  coircs- 
(Kinding  single  bond  by  n. 
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APPENDIX  16 


Equalization  of  Electronegativity,  Orbital 
and  Group  Electronegativities 

The  idea  of  equalization  of  electronegativity  was 
first  introduced  by  Sanderson,  who  jtoetulated  that  if 
atoms  which  are  initially  different  in  electronegativity 
form  a  bond,  they  will  change  their  average  electronic 
density  in  the  process  of  combination,  until  they  arc 
of  equal  electronegativity  in  the  molecule.1**  This 
concept  is  in  principle  very  similar  to  the  oleetroneutra- 
lity  principle  and  leads  to  low  absolute  vuiues  for  cal¬ 
culated  charges.  Sanderson’s  electronegativity  scale 
represents  average  frond  electronegativities.  The  appli¬ 
cation  of  the  concept  of  equalization  of  elcctronega 
tivity  to  orbital  clcctroiirgativity  theory  has  made  it 
IMWsible  to  calculate  group  electronegativities  for  a 
large  number  of  inqiortant  chemical  groujw. 

Based  on  Mulliken's  definition  of  electronegativity 
(Appendix  13),  llinze  and  Jaffe:  have  derived  orbital 
electronegativities  for  different,  valence  Staten.1"*  The 
valence  state  earl  lie  considered  as  formed  from  a 
molecule;  by  removing  from  one  atom  all  the  other 
atoms  with  their  electrons  in  an  adiabatic  manner, 
i.e.  without  allowing  any  electronic  rearrangememt. 
The  valence:  statr;  ionization  potentials,  and  the 
valencr1  statr;  electron  affinities,  A'„  needed  for  thr: 
calculation  of  the  electronegativity  are  obtained  from 
the  ground  statr;  ionizution  potr;ntials,  /„,  and  the 
ground  statr;  electron  affinities,  Kf,  in  thr;  following 
manner: 

/.  l,\P  P0 
k,  k.  1 1\  r 

/’,,  /*',  and  /'  an;  the  valence  state  promotion 
energies  for  thr;  atom,  the  positive  ion  and  the  negative 
ion  respectively.  The  parameters  required  an;  obtained 
from  spr^troecopic  data. 

Bawd  on  the  concept  of  orbital  electronegativity 
Hinzt;  rt  al.  defined  bond  elect  romgat i vity  as  thr; 
olrsrtronegativity  of  orbitals  forming  a  tsrnd,  after 
charge  has  liecn  exchanged  lietwcen  them.1** 

A  new  definition  of  orbital  electronegativity  pe:r- 


mittcd  the  rb;termi nation  of  orbital  eleetn inr'gati v i ties 
of  groupe: 


K  energy  of  the  atom  in  its  valence;  stab;,  n,  the 
occupation  numlier  of  thr;  j’th  orbital,  the  orbital 
eleetmnegativity  of  which  is  X/- 

It  was  assumed  that  n,  could  have  both  integral  and  j 
non-integral  values,  and  that  A’  is  a  continuous  diffc- 
n-antiahlc  function  of  n(  For  singly  occupied  orbitals, 
this  definition  is  identical  with  that  of  Mulliken. 

This  concept  has  liccn  applieil  by  Hohrs-y  for  the 
calculation  of  group  rlcctr^>n^■gativiticM.l*,■,,,  The 
treatment  of  Jaffe  and  eo- workers  leads  to  an  under¬ 
standing  of  ionic  character  in  terms  of  charge  trans¬ 
ferred  between  bonel-lomiing  orbitals.,",-,,°  It  has  been 
suggested  that  eb'etroiirgativity  equalization  by  charge 
transfer,  gives  »  minimum  in  the  ionization  potential 
and  t;l<;ctmn  affinity  energy1*1 .  The  minimum  for  the 
sum  of  these;  em  .g’es  for  a  diatomic  molecule  occurs 
when  their  electronegativities  are  t;qual.  The  energy 
of  an  atom,  K,  is  given  by  the  equation: 

K  aA  I 

where  a  1  (/  A) 

b  1  I  A 

A  jiartial  charge  from  electron  Ions  or  gain. 

I  ionization  |Hiu;ntiai. 

A  e:lee;tron  affinity. 

The  orbital  electronegativity  X  is  defined  as: 


a  comaiponds  approximately  to  thr:  previously  assign¬ 
ed  electronegativities. 
h  is  thr:  charge-  coefficir-nt. 

Equalization  of  the  orbital  electronegativities  for  the 
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atoms  in  a  diatomic  molecule,  AH,  leads  to  the  follow 
ing  equation: 

X/l  =  »/  I  bASA  ~  Xb  —  <*B  +  b^dn 

,  _  aH  aA 

A  bA  1  b„ 


TliiH  procedure  can  be  generalized  to  apply  to  poly 
atomic  groups,  and  Huhecy  has  tabulated  a  and  b 
for  a  large  number  of  the  most  common  groups.  This 
method  does  not  distinguish  between  isomeric  groups, 
and  can  not  be  strictly  applied  to  bonds  of  Si,  P  or  S 
containing  d  orbitals,  because  of  lack  of  data  for  these 
orbitals.  Group  electronegativities  have  been  correlat¬ 
ed  with  polar  substituent  constants.28® 
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APPKNDIX  17 

I  hr  lVriotlic  1  uhlr  of  the  Element 
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In  this  monograph,  a  report  is  given  of  our  work  leading  to  the  develop¬ 
ment  of  a  high  resolution  electron  spectroscopy.  The  work  started  in  the  early 
part  of  the  fifties  and  has  now  been  brought  to  a  stage  where  we  believe  that  thj| 
kind  of  spectroscopy  is  ready  for  a  more  general  use.  The  energies  that  can  be 
measured  by  our  present  equipment  range  from  IlleV  down  to  0.01  eV,  i.e.  26 
octaves.  It  will  be  shown  that  new  information  about  atoms  and  molecules  can  be 
obtained  by  electron  spectroscopy.  Samples  may  be  prepared  in  the  solid,  liquid 
or  gaseous  nhase.  The  material  to  be  presented  is  comparatively  extensive  and  we 
therefore  start  in  Chapter  I  with  a  general  survey  in  order  to  acquaint  the  read^ 
with  the  main  features  of  this  type  of  spectroscopy  before  presenting  a  more  de¬ 
tailed  account  in  the  chapter  that  follov/.  Some  results  of  theoretical  work  and 
design  studies  are  collected  in  appendices  together  with  some  tables  required  foil 
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